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ABSTRACT
Particle Induced X-ray Analysis (PIXE) and Instrumental Neutron Activation Analysis were 
undertaken by the author to enable multi-elemental determination in the PM10 range of urban 
roadside particulate fractions. A thermal neutron flux of 2.3 x 1012 cm'V1 (ICIS, short 
irradiation) and short time irradiation scheme of 5 - 2 - 5 minutes, (h - tw — tc) allowed the 
processing of (delayed) y-ray spectra. Air particulate samples were irradiated by accelerated 
charged particles from a 2.5 MeV proton beam (tc = 5 minutes); and x-rays emitted by the de­
excitation of atoms were detected using a high resolution Si(Li) detector. The accuracy of 
quantitative results of the relative and absolute standardization methods (against the certified 
values) in INAA and PIXE analysis have been discussed in this thesis. In INAA, all calculations 
performed by the absolute standardization method have shown higher accuracy against the 
certified values; whereas, relative methods showed higher accuracy in the calculated 
concentration (of certified values) over the absolute method in PIXE.
In this study, PMi0 roadside measurements have significantly exceeded the national regulatory 
standards, 24-hour mean of 40 pg/m3 in the size distribution of PMi0; predominantly due to 
intermixing effects from background sites and high amounts of re-suspended coarse fraction 
associated with minerals and sea spray salts. Trace level concentrations, < 0.02 pg/m3 detected 
in PMio collected mass were similar to the urban roadsides concentrations in Glasgow {National 
Multi-Element Survey)', with the exception of Co and Sb, which was three magnitudes higher, at 
background levels. PMi0 (mean values) of 1568 pg/m3 had shown values, seven times higher at 
major roadside locations in contrast to minor (suburban) roadsides locations; with high particle 
number concentration (>90%) strongly correlated with traffic de€nsity.
A selected spectrum of essential trace elements (Br, Ca, Cu, I, Mg, Mn, S) and contaminants 
(Cd and Pb) was analyzed in sampled hair using nuclear analytical methods. Inter-group (mean) 
values between ‘exposed’ and ‘control’ groups had shown a positive correlation between the 
fuel derivative metal, V, and most trace metals; with statistical significance {Pearson 
Correlation, P<0.01) between Ti and Br in the inner city {Major, A, B) roads; and between the 
indictor metal, V and A1 (r = 0.62), Cu (r =0.70) and Co(r =0.76) at minor roadsides and 
predominately upwind from the major roadsides. Negative correlation seen between metal 
concentrations, between exposed and ‘control’ (i.e. low exposure/background) areas, suggest 
that ambient concentrations at minor roads, may be influencing (NE and NW) down-wind, 
pollutant concentrations in the inner city areas. There is also the possibility that lower speed 
zones in these areas are contributing to higher particulate emissions due to inefficient diesel 
combustion at lower engine temperatures.
Human hair, in general, is able to accumulate the heavy metals with time; and accumulation can 
be triggered by chronic disease which trigger imbalance in metabolism. Hair samples from 
residents of high exposure areas (N=72, 20m from major roadsides) and control exposure areas 
(N=40, 0.75km from major roadsides) were submitted for INAA multi-elemental analysis. All 
analytical calculations were performed by the absolute standardization method enabling the 
determination of 17 elements (with Sn, and La, below the analytical detections limits). A 
general positive correlation between metal concentrations in ambient particulates and levels in 
hair was seen in populations from both exposure areas. On the whole, the obtained data on 
elemental content in hair are in agreement with the world average data.
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1 INTRODUCTION
Approximately 95 pg particles/day in an adult (in contrast, to 78 pg particles/day for a 1 
year old child) penetrate the alveolar region of the lung, [APEG, 1999]. It has also been 
calculated that a 70 kg adult inhales 20 m3 o f air daily [CLR 10] and particle retention in 
the adult lung averages at 250 pg (half o f which penetrates into the thoracic region). 
Notably, the ICRP6 6  model does not consider asymmetrical flow, associated with 
respiratory diseases (e.g. bronchoconstriction, COPD) or turbulent flows at airway 
bifurcation’s. The respiratory bronchioles terminate in alveolar ducts (<250 pm 
diameter) which extend towards alveoli (polygonal shaped) sacs. The internal array 
diameter o f respiratory bronchioles decrease from 500 pm to 270 pm from the proximal 
to the most distal branches [Haetedli et al, 1998]. Abnormal inflammation response 
involves macrophages, neutrophils, CD8  and T cells which may result in structural 
changes and fixed narrowing o f airways; destruction o f lung parenchyma and airway 
obstruction [Haetedli et al, 1998].
The International Standards Organization (ISO) has defined three criteria for size 
selective aerosol sampling of (1 ) inhalable dust is the mass fraction o f total airborne 
particles that contribute towards particulate mass inhaled through the nose and mouth) 
(2 ) thoracic dust (i.e. mass fraction o f aerosol which penetrates beyond the larynx) (3) 
respirable dust (i.e. respirable fraction of inhaled particles penetrating to the uncilliated, 
smallest airways of the lung). The PMio fraction closely represents the ISO thoracic 
sampling criterion, and not the respirable criterion which is met by  the P M 3 .5  -  P M 4  
sampler. Nevertheless, the proportion o f P M 1 0  mass comprising of the finer P M 2 .5  
particles is typically within the range of 50% to 80% [EPAQS, 2001].
PM 10 is a measure o f ambient particulate mass using a 1 0  pm sampling cut-off inlet. 
Thus, PM 10 sampling is representative o f both the nucleated and accumulated mode 
(with a proportion o f the coarse particle mode). The UK National Ambient Air Quality 
Standards (NAQS) are based on PM 10 measurements; however, sampling based on these 
regulatory standards will not provide an optimal separation and measurement o f the 
respirable ultra-fine particle modes.
5
1.1 Aims and Objective of the Research
Scientific evidence has emerged that strongly suggests that the PMio, fraction may not 
be the most representative of the respirable fraction and inhalation exposure. Contrary 
to debated argument, pathological and clinical evidence on the mechanisms of lung 
toxicity from PM2.5 exposure has also progressed beyond speculative theory; and, 
studies relating metal toxicity from PM to cellular oxidative stress, cell mediated 
response and tissue inflammation are explored in this thesis.
In 2005, elemental characterisation o f particulates (in the PM 10 range) was undertaken 
by the Department o f Medical Physics, UniS, on behalf of the Department of 
Epidemiology, Statistics and Public Health, University o f Wales College o f Medicine as 
part of a roadside exposure study across Cardiff City. PM 10 measurements by the UniS 
were used to determine:
■ Quantitative correlation between elemental content in PM 10 fractions and bio­
accumulated elemental concentrations in hair from the representative population
1
group;
■ Qualitative assessment o f number median and quantitative evaluation of mass 
median diameter o f the ultrafines (in the PM 10 range) using Scanning Electron 
Microsopy
■ 24-hour PM 10 mean roadside concentrations (in Cardiff City) and whether mass 
loadings were in compliance with regulatory emission standards.
The selection, study design, sampling, and conduct selection in the study were based on 
the academic work o f Au-Yeung, 2006 whilst, sample design, analytical detection and 
calculations were based on the work undertaken by the Medical Physics Group, UniS. 
Descriptive statistical analysis and interpretation of results were undertaken, 
independently, by both academic groups. Indoor/outdoor monitoring of respirable PM 5 
fraction were sampled to define intra-group exposure; and mean PMi0 urban roadside 
measurements collected in delineated exposure areas (spring -summer, 2005) was 
undertaken by the University o f Wales College o f Medicine.
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1.2 Structure of the Thesis
Chapter 1 o f the thesis outlines the aims and objectives of the study. Chapter 2-4 will 
summarise the analytical procedure, results and statistical interpretation (of these 
results) o f the urban roadside study o f PMio and PM2.5 (undertaken by the Medical 
Physics Group, UniS). Chapter 2 o f the thesis outlines the theoretical principles and the 
methodology behind the analytical methods o f detection in the multi-elemental analysis.
A summary o f the experimental research is outlined in Chapter 3. Parallels in detection 
limits (1 and 2o) are made between nuclear analytical techniques (Instrumental 
Neutron Activation Analysis (INAA) and Particle Induced X-ray Emissions (PIXE) 
(with energy-dispersive x-ray analysis (EDAX) and Rutherford Back Scattering (RBS) 
spectral analysis). Comparative studies o f data analysis (using absolute and relative 
methods) in analytical detection; analytical concentrations (absolute error, la )  and 
descriptive statistics (T-tests statistical analysis o f mean concentrations and Pearson 
Correlation analysis) are summarised in this chapter. Scanning Electron Microscopy 
(SEM) photo plates of collected particulates are discussed in terms o f mass median and 
number median diameter. Mass loadings, enrichment factors (EF) and derived Pb/Zn 
ratios relative to the particulate concentrations at background sites (i.e. minor roadsides) 
are discussed.
Chapters 5 o f this thesis will summarise regulatory air quality standards and legislation; 
generic guidelines values o f Inhalation Index Dose (YDinh) Values; and discusses 
debated argument and cited evidence documented in the ‘Airborne Particulates’ Report, 
2001 by the Expert Panel o f Air Quality Strategy (EPAQS) Panel regarding the toxicity 
of the respirable P M 2 .5  faction which is part o f the PM 10 range.
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2 ANALYTICAL METHODS OF DETECTION
Analytical detection using chemical analysis by conventional methods is difficult in air 
particulate studies due to typically low mass concentrations (pg/m3) o f particulate 
matter (PM) in ambient air and concentrations o f some elements in the particles, (pg/g). 
Therefore, alternative methods o f high sensitivity and low detection limits are required 
in sample analysis. Instrumental Neutron Activation Analysis (INAA), Particle Induced 
X-ray Emission (PIXE) and X-ray fluorescence (XRF) are non-destructive methods of 
analysis, whilst, other methods such as Inductively Couple Plasma-Mass Spectrometry 
(ICP-MS), Atomic Absorption Spectrometry, (AAS) and Ion Chromatography (IC) 
involve sample dissolution and due to incomplete sample digestion, possible sample 
loss and contamination. There are the advantages o f relatively high sensitivity, low 
sample mass requirements, low matrix affects, high accuracy and multi-elemental 
analysis in the INAA method.
The merits o f the various analytical methods in environmental sampling have been 
described, discussed and compared in several literature reviews; Landsberger (1992, 
1999) have provided a detailed comparison o f INAA, PIXE and XRF o f air particulate 
filters and re-suspended soils. However, comparative studies between INAA irradiation 
systems (ICIS and ALVIS); and concentration calculation (relative and absolute) 
methods in the INAA methods are limited in the published literature. Obtaining valid 
and representative trace elemental levels in sample analysis require that certain 
analytical criteria are satisfied such as external contamination, sampling handling, 
storage, quality assurance validation and statistical evaluation of results. The following 
sections will therefore assess the limitations o f INAA in this work on the basis of 
criteria such as sample mass which determine detection limits and dead time; and other 
limitations due to the radioisotopes characteristics (such as very short half life, small 
capture cross section, and interferences from other peaks in the energy spectrum).
2.1 Instrumental Neutron Activation Analysis (INAA)
Instrumental neutron activation {INAA) is a well-established analytical tool in the 
determination o f the elemental composition of biological and non-biological materials. 
It is a relatively non-destructive method of analysis, though irradiation damage may 
occur during longer irradiations times due to higher exposure to neutron flux. Reduced 
sample handling and the elimination o f complex chemical and radiochemical treatment 
in sample preparation allow the repeatable use o f a sample (in analysis). It is a technique 
o f high sensitivity, multi-elemental characterisation and allows the whole mass o f a 
sample to be analysed (on the basis o f low attenuation o f (uncharged) neutrons in 
matter). INAA techniques can provide a rapid method o f trace elemental detection (at 
relatively low detection limits) in contrast to many o f the employed chemical 
spectroscopic techniques.
The technique o f cyclic neutron activation analysis (CNAA) was developed by Spyrou, 
1981 primarily for the determination o f elemental concentrations in biological and 
environmental samples through the measurement o f short lived radionuclides. The 
Cyclic Activation System (CAS) is an automated pneumatical system which is used to 
transfer the sample to the core for irradiation and from the core to the counting position 
within a very short time period (200 ms); for a pre-set number o f cycles. An enhanced 
cumulative detector response is obtained from the summation o f counts (from cyclic 
activation) over the total experimental time. Thus, the elimination o f interference from 
the background build-up o f counts from longer lived isotopes will enhance the signal-to- 
noise ratio of the isotope o f interest.
2.1.1 Theoretical Principals behind Derivation o f the Activation Equation
Neutrons of various energies are emitted (from the fission of 235U) in a reactor, resulting 
in various neutron-induced reactions. Fast neutrons (of an energy spectrum, up to 25 
MeV), are slowed down by inelastic collisions (with nuclei o f the moderator) resulting 
in a reduced energy spectrum of the neutrons which will vary with 1/E. In a medium of 
negligible neutron absorption and leakage, these neutrons may eventually reach an 
epithermal flux (> 100 keV) as further scattering o f the neutrons will allow it to reach 
thermal equilibrium within the system. In practice, the epithermal flux will approach an
energy distribution, E1+a, whereby the magnitude of the parameter a  will depend upon 
the geometry associated with the scattering o f the neutrons and the medium.
The probability o f a neutron interaction is dependent upon the kinetic energy on the 
approach o f the neutron. In effect, the probability of interaction is higher for a thermal 
neutron than a fast neutron. At an average energy of 0.025eV, neutrons at thermal 
equilibrium (at room temperature) follow a Maxwell-Boltzmann energy distribution 
whereby E= ^m v2 (= KbT, where KB is the Boltzmann constant and T is the absolute 
temperature in degrees Kelvin of the medium). The kinetic energy o f the neutron at an 
average velocity, v o f 2200ms"1 at room temperature (20°C) will increase the probability 
o f the neutron to be absorbed by the nucleus. Fast neutrons or ‘primary fission neutrons’ 
contribute insignificantly to neutron capture reactions ( n , y), however these neutrons do 
undergo other absorption reactions such as (n,p), (n, 2n) and inelastic neutron scattering 
(n, n ’). Neutrons that have only been partially thermalised (i.e. epithermal neutrons) and 
thermal neutrons undergo neutron capture and elastic scattering.
In the analysis, a representative sample (of material) is exposed to a flux o f thermal 
neutrons creating radioactive nuclides from stable parent nuclei within the sample. 
Nuclei o f stable elements, in particular heavy elements (in biological samples) and rare 
earth elements o f large cross-section a, become radioactive through neutron capture [n, 
y] reactions. A compound nucleus is formed when a thermal neutron is absorbed by a 
target nucleus and then de-excites by emitting a prompt gamma-ray (<10"14s). Neutron- 
rich nuclei will preferential decay by the emission of a P-negative particle, followed by 
delayed y-rays (when left in an excited state). Delayed neutron activation analysis 
(DNAA) is based upon the spectral identification o f these characteristic (delayed) y-rays 
emitted (from the de-excitation o f the unstable nuclides produced in the sample) using 
y-spectroscopy.
Neutron capture [n , y] can be illustrated by the following reaction :
1 ^ ^+1 A+1
°n + 2  X = X J -------► z X  + y prompt
[1]
However, the increase in the neutron to proton ratio in the product nucleus may result in 
an unstable nucleus, promoting decay (by p- emission). If  the daughter nuclei remain in
10
an excited state, delayed gamma rays may be emitted to de-excite to its ground state.
TV2
 ^  f A+1 1 * 0 A+1
z X  Vz+l Y J + -1/? + antineutrino — -►z+1 Y  + y delayed
[2]
As the sample is exposed to a flux o f neutrons, the induced activity, A, is proportional 
to the flux o f the incident neutrons, (|) and the number of targeted nuclei, Na (i.e. A a  
<|>Na). The proportionality constant is dependent upon the probability that an incident 
neutron will interact with the target nucleus. This probability is called the cross-section 
and is expressed in terms o f area, whereby 1 bam = 10'24cm2.
Some elements in a sample will not be detected on the basis that these elements will 
have a very small reaction cross-section or decay with very long half-lives; or possibly, 
will not produce suitable radionuclide. If the product of neutron capture is a stable 
isotope, or is not a gamma-ray emitter, then generally it cannot be detected by INAA.
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2,1.2 Absolute Methods
The length o f irradiation, decay and counting time is determined by the half-life of the 
isotope o f interest. Optimum irradiation (and counting) time for a particular nuclide can 
be obtained by using h = tc = 1.8 t/4. ^Irradiation (and counting) times greater than 
required for the optimum number o f counts (within the full energy peak) will result in 
poor detection as more background will be observed in the spectrum. Nevertheless, 
increasing the waiting time, tw would result in a reduction o f the intensity o f the peaks 
o f the short-lived isotopes (as the activities o f longer lived isotopes dominate).
D = If Sy <|> a Na (1 -  e'^K e'^} (1 -  Q('Xtw+tc))
[3]
X
Where, D= number of counts in the full energy photo peak of the delayed gamma ray of interest; detector 
response; Iy = branching ratio ey = absolute efficiency; (]) = neutron flux and cr = cross-section;
N
and N A =  f M  where, N0 = Avogadro’s number; Aw = atomic weight; f  = fractional abundance;
4 ,
Ms = mass of the sample.
The decay rate of the isotope is expressed: dNA+i/dt = -X A+1 Na+i whereby the disintegration 
constant, X = ln2/t Vi; and the rate of formation of the product nuclei, (j)o Na. Thus, the number 
of product nuclei, NA+1, of the isotope at the end of the irradiation: NA+i = (j)cj NA (1 -  e xtl)/X ; 
whilst, the number of product nuclei, NA+J at the beginning of counting is: Na+i = e‘xtw(j)o NA (1
-Xtw /o .— e  )  e  / a ;
The activity of the radionuclide, ANa +1 at the end of irradiation is given by: Aj=ANA +1 =(j)cr NA 
(1 -  e"Xtl); After a waiting time, tw, the activity of the radionuclide, ANa + i is: Aw= A; e'Xtw; 
whilst the activity at the end of the counting time, is given by: Ac = Ai e x (tw + tc) therefore, the 
number of nuclei decayed in the counting time can be expressed as: NA+1 - I  IX (Aw - A )^.
Concentration calculations were performed by the absolute standardization method
using known atomic/nuclear parameters and experimental conditions. Full energy photo
peak counts are dependent upon the branching ratio (Iy) for the delayed gamma-ray of
interest and the absolute detector efficiency (%) at that energy.
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2.1.3 Relative Methods
The use o f relative methods in the quantitative analysis o f elemental concentration 
involves the use o f a sample o f known mass and an internal standard or certified 
reference material (of known mass), irradiated under the same flux and detector:
C DSample   Sample
C D°  Std ^  Std
[4]
Csampie = unknown elemental concentration in sample; Cstd = known elemental concentration in the 
standard; Dsampie = detected number of counts in the full energy photo peak of the y-ray of interest in the 
sample; and Dst = detected number of counts in the full energy photo peak of the y-ray of interest in the 
standard.
The relative method will eliminate errors caused by uncertainties in measurements o f 
parameters and factors in equation-3, such as detector efficiency, neutron flux, reaction 
cross-section, and branching ratios. These errors o f uncertainties do not occur in the 
comparative method, if  the sample and standard are irradiated and counted under 
identical experimental conditions. A second method, known as the single-comparator 
method (or K-0 standardization of INAA) was undertaken, whereby, the concentration 
of the analyte was obtained by co-irradiating the sample with a suitable flux monitor 
(i.e. Au wire), instead o f using an internal standard. The results o f the standarization 
method is further discussed in section 3.3.1.
A calculation o f the ratio o f the specific y-ray emission rate o f the analyte to that o f a 
comparator allow the mass o f the element to be determined [Simonits et al, 1975]'.
ms= m c. (N c)s(% SDC tc)c(Rs)c x 1 [5]
(Nc)c(T|cSDCtc)s(Rs)s K0
Whereby, 11^ = sample mass; m ^ comparator mass; Nc = net peak area (corrected for pulse loss); q = g 0 
7 VsIy ct / w; and k0 = ----- ; whereby, 0 = natural abundance of target isotope; Iy = gamma ray emission
Vc
probability; and a = cross section and w = atomic weight.
S-saturation factor, 1 -  e xtl; D = decay factor, e'Xtl; C = counting factor, 1 -  e('Xtw+tc); tc= counting time;
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(Aw) y (IrOa0) x
Rs = experimental specific gamma ray emission rate; and k 0 = ---------------------  where Aw = atomic
( A J xU , 0Cr<,)y
weight;
Academic research has reported inaccuracy of the KO-factors o f 131Ba in the 
determination o f Ba in NIST and IAEA standard materials [Smodis et al, 1975] 115Cd- 
115mIn, 49Ca, 122mSb (significantly different via 122mSb and 124Sb) in Wispelaere and De 
Corte, 2001.
2.2 Gam m a Ray Spectrom etry
Typically, high resolution gamma spectrometry systems consists o f a germanium 
semiconductor, preamplifier, an analog to digital converter (ADC) and a multi-channel 
analyser (for sorting o f pulses according to pulse height to produce a spectrum). The 
gamma ray energies emitted from the irradiated sample interact with the Ge-crystal to 
produce a pulse. The amplitude (or height) o f the pulse is proportional to the energy o f 
the photon absorbed by the detector. Each pulse is amplified, shaped and pulse sorted. 
As the counts accumulate, full energy photo peaks develop that can be identified by 
their energies.
Thus, the identification of the nuclide and its activity is made on the basis of the 
energies and intensities of the full energy peaks. The formula for the calculation o f 
activity, At, o f a nuclide in a sample is as follows:
D  / K
A t=    -  [6]I , e r
Where, D = number of counts in the full energy photo-peak area; tc= is the counting time; Iy = probability 
of emission of the measured gamma-ray of interest; s y is the absolute full energy photo peak efficiency in 
relation to the absolute detector efficiency. Thus, count rate is determined by multiplying the activity (of 
the sample) by the photo peak absolute detector efficiency.
2.2.1 Absolute and Intrinsic Efficiency
In experimental physics, the concept of efficiency is defined as the ratio between the 
response o f the instrument and the value o f the physical quantity that is being measured. 
In gamma-ray spectrometry, the physical quantity is the emission rate of photons with a
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specific energy and the measured quantity is the total count rate (cps). Counting 
efficiency can be categorised as total efficiency (i.e. all pulses from the detector, are 
counted, no matter how low in energy) and fu ll energy photo-peak efficiency. In the 
latter, pulses that deposit their full energy of the incident radiation are counted only; and 
is independent on specific source-detector geometry.
Absolute efficiency, s y is defined as the number o f photons (counts) detected divided 
by the number of photons emitted by the source
D  11
8 y =     [7]
A,Ir
Where, D = number of counts in the full energy photo-peak area; tc= counting time; At = activity of the 
source (corrected for decay from the date of certification); Iy = probability of emission of the measured 
gamma-ray of interest.
This efficiency is often discussed in terms o f an ‘effective’ solid angle and the intrinsic 
efficiency of the detector. As a decrease in efficiency will be seen with an increase o f 
source-detector distance (as less photon will reach the detector). Therefore, s Y is 
dependent on the counting geometry o f the detector. Calculation o f solid angles o f 
point-source to detector at various distances can be derived from the following equation:
Q = 271 [8]
The efficiency, s of the detector depends upon the solid angle, Q of a point source located along the axis 
of a right circular cylindrical detector is influenced by the source-detector distance, detector radius (and 
the shape/volume of the sample). Where, Q = solid angle; d =source-detector distance; r =detector 
radius.
Pelletisation of sample into disc-geometry should allow more y-rays to reach the 
detector in the determination of accurate elemental composition. However, high count 
rate from a sample may ‘flood’ the detector, and it is therefore important to determine 
the sample-detector distance and dead-time of the detector. Absolute efficiency o f a 
detector decreases with distance o f the source from the detector. At a constant source 
detector distance, the absolute efficiency o f the detector should not change with 
collecting time. It is expected that Ge(Li) and HPGe-detectors will show higher absolute
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efficiency at lower energies. In other words, the detector efficiency will decrease with 
an increase in energy.
Intrinsic efficiency, 81 is independent o f the geometry o f the of the detector apparatus 
and can be calculated directly from the photo peak. In a non-attenuating medium 
between source and detector, the intrinsic efficiency is determined through the number 
of photons detected divided by the number o f photons incident on the detector:
4 nsi = s Y x —  [91
y Q
Where, Si = intrinsic efficiency; S y = absolute efficiency; and Q= solid angle. 4n = 360° detected counts 
from isotopic emission.
Relative efficiency: in characterising the sensitivity o f a co-axial Ge-detector, the 
manufacturers specifications will quote full energy photo-peak efficiency (for 1332 
keV) relative to the corresponding efficiency o f a Nal(Ti) crystal (7.62cm in diameter 
and height) at a source-detector distance o f 25cm. This ratio o f efficiency, usually 
expressed as a percentage, is known as the relative efficiency:
det ector
' s tan dard
-xlOO [10]
The Ge detector has a lower efficiency than the scintillator of the same diameter and 
height because the photoelectric absorption cross section which depends on atomic 
number and density of the latter are higher than for the semiconductor.
2.2.2 Energy Resolution Calibration
The Ge-detector has a high resolution compared to a scintillator as less energy is 
required to be deposited in order to produce a charge carrier for the signal and hence 
more photons in the full energy photo peak. However, a HPGe detector (of 109 
impurities per cm ) is of higher resolution and produces a more-defined pulse shape in 
contrast to the lithium-drifted germanium detector (of 1012 impurity per cm3). Statistical 
noise, drift (in the operating characteristics o f the detector) and other sources o f random 
noise within the detector/electronics will influence the resolution.
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According to the American National Standard, the calibration spectra should illustrate a 
precision of less than 0.2 keV. And acquiring a spectrum (at 3000 counts) for the point- 
source at a distance from the detector axis that establishes a counting rate o f 500/sec 
(ANS N42.14). The detector resolution is defined as the ability o f the detector to 
differentiate two peaks that are close together in energy. The full energy photo peak 
resolution, conventionally expressed as a percentage, is the FWHM divided by the 
location o f the peak centroid:
R  =  A C / C o  [ 11]
R is the resolution; AC is the number of channels in the FWHM; C0 is the channel number of the centroid 
of the peak.
The FWHM is the full width at half maximum (i.e. the width o f the photopeak at energy 
E at half o f its height). Peak resolution at high and low energy should be determined and 
recorded for the number of counts collected in the energy region (of interest) from the 
1332keV of 60Co. This can be established by setting the gain at approximately 0.5 
keV/channel for 4096 channels and 0.25 keV for 8000 channels (which correspond to 
placing the 1332 keV full energy peak o f 60Co in channel 2664 and 5328, respectively). 
Gamma peaks of interest from 60Co consist of 1.173 and 1.332 MeV. Two Compton 
edges for 60Co, one for each photopeak, can be observed in a high resolution detector.
The energy calibration is determined by measuring the spectrum of a source with known 
full energy photopeaks and comparing the measured central peak position with energy.
Resolution = FWHM/E [12]
Most gamma-ray spectrometers involve the detection o f photons in the energy range 
between 60keV and 3 MeV. The energy resolution o f 152Eu is widely used in calibration 
as it is a multi-energetic gamma-ray emitter and covers an energy range from 122 
to 1406 keV. The nuclides Ra and Co are also useful in extending the efficiency 
calibration from 1500 to 3500 keV. The most efficient calibration o f the detector will 
ensure that the calibration energies cover the energy range over the spectrometer.
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2.2.3 Dead Time
In all detector systems, there is a minimum amount of time that must separate two 
events so that they are recorded as two separate impulses. This dead-time in the 
counting system may be set by processes in the detector itself and, the associated 
electronics. Due to random radioactive decay (in particularly, during high counting 
rates), there is a probability that a true event will be lost because it occurs too quickly 
following a preceding event. Corrections for these "dead time losses ’ are made on the 
assumption that the observed rate varies non-linearly with the true rate. The two-source 
method is based on observing the counting rate from two sources individually and in 
combination. In measuring the observed rates for at least two different true rates (that 
differ by a known ratio) allows the dead-time of a system to be calculated.
2.2.4 Peak to Compton Ratio
Only the major peaks common to all spectra are included for inter-comparison o f signal 
(i.e. full energy photo peak area) and statistical accuracy (i.e. relative error). Detection 
limits will be based on the criteria that the minimum detection signal is 2a/B, which 
gives a statistical precision o f 70% (extreme limit). However, detection limits may be 
degraded by a high underlying Compton continuum (i.e. background). Thus, high 
sensitivity = high signal to noise ratio. Relative error (i.e. precision) = fluctuation in 
noise / signal can be derived from the following calculation:
Js+2B
MDL = ---------  [13]
S
2.3 Proton Induced X-ray Emission (PIXE)
Proton Induced X-ray Emission analysis is a rapid, non-destructive, multi-elemental and
sensitive technique in quantitative and qualitative trace element analysis. In analysis,
detection limits for trace elements can be as low as 0.1-1.0 ppm [Johansson, et al, 1988].
In 1970, Johansson had illustrated that by using a high resolution Si(Li) detector and a
MeV proton beam, many elements (as low as Z=12) could be detected simultaneously
in sample mass (at 10"12 g level). Notably, the highest x-ray sensitivities for 2-3 MeV
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protons exist in the Z=20-40 range from K=shell transitions and Z=75-92 for L-shell 
transitions; where the binding energies range from 5 to 20 keV‘
A review o f Ion Beam Analysis was published by Legge, 1997. An overview o f PIXE 
analysis to analytical problems is detailed in Mitchell and Barfoot, 1981; and recent 
applications o f nuclear microscopy in biomedical analysis in Lindh, 1997. The 
accelerator produces abeam  of protons held under vacuum (10'7 T) that is directed onto 
the beam line using a beam steerer. This vacuum is controlled at two points, an 
automatic gate valve at the start o f the beam line and a manual gate valve at the target 
chamber. To allow the replacement o f sample plates, the manual gate valve allows the 
beam line to be kept under vacuum whilst the target chamber is brought up to 
atmospheric pressure.
Various sections along the length o f the beam line help to ensure that the beam remains 
parallel and o f uniform intensity (see figure 1). The beam shape and size is defined by 
the object aperature size which can be varied. Horizontal and vertical steering plates 
guide the beam into the target chamber (at the end o f the line). Triplet Quadrupole 
magnetic lenses produce a homogenous mono-energetic beam (Oxford Microbeam 
System) and demagnification is set by these magnets to control increases in beam size.
Analytical sensitivity is reached when the microbeam size is reduced to a spatial 
resolution o f a few pm;, and with a demagnification factor o f 10, the spatial resolution 
is o f the order of 1-10 pm. However, some specimens may have a non-uniform area 
distribution o f elements, thus, it is essential that a uniform intensity distribution occurs 
across the beam.
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Figure 1: Simple Schematic of M icro-PIXE 
A rrangem ent
Triplet Quadrupole Magnetic 
Lenses:
Focuses the protons to the 
micron level.
Aperture
Controls shape/size o f  
beam.
Collimator slits
Generates straight beam; and prevents 
proton diversion.
Scanning Plates.
Fast scanning o f samples without 'lagging’ effects.
Detector
Proton Beam
A homogenous mono-energetic beam is produced. Slight broadening o f beam 
as enters the sample, due to scattering o f electrons.
Sample
X-ray attenuation is based upon detector efficiency, mass and composition o f the sample.
. . .  - 2 This may be further facilitated by passing the beam through a thin metal foil (1 mg/cm
thickness), whereby multiple small scatterings homogenises the beam and the collimator
refocuses the beam. Scanning coils scan the beam across the sample surface to obtain
accurate spatial mapping of concentrations. This technique known as elemental
mapping was undertaken using OMDAQ software (in this study); however, the process
increases the analysis time to provide adequate statistics at the considerable number of
scanned positions. The size of the scan is adjusted by an amplifier which is set
according to the beam spot size and pixel size (256 x 256pixels in vertical lines, Oxford
Microbeam System).
2.3.1 Rutherford Backscattering
PDCE employed with Rutherford Backscattering Spectrometry (RBS) is used in the 
measurement o f quantity and energy of scattered protons and determine the bulk matrix 
composition (of lighter elements, Z<6). Also, RBS improves the spectral sensitivity of 
low Z numbers and facilitates sample depth profiling. The Si(Li) detector is positioned
above the sample vacuum chamber and filter’s can be placed on the detector to reduce 
the contribution o f counts from lower energy x-rays, scattered protons and 
bremmsstrahlung. The use o f a filter will decrease counts from and reduce pile up and 
dead time. Pile-up is detected when two protons are detected at once, and therefore 
counts are mistakenly detected as the sum of two energies.
As incident protons collide with the nuclei o f sample atoms, the deflection angle 
probability and energy loss o f the photon due to the collision is characteristic o f the 
target element. Cross section is related to the angle o f scatter (e.g. undetected counts 
associated with hydrogen due to the forward, 15°, scattering o f hydrogen). However, the 
amount o f energy transferred to the nuclei is depended on the energy o f the proton. 
There is a much greater probability o f the protons transferring energy to the electrons, 
on the basis of the higher stopping power associated with the electron density o f the 
targeted atom. Stopping power is defined as the rate o f loss o f energy over a certain 
distance, and the rate o f energy loss increases between the projectile and the electron as 
the velocity o f the protons decrease (in particularly for protons < 1 M eV ).
In the energy spectrum, discrete peaks are distinguished from overlapping peaks on the 
background continuum on the basis o f their energy and (published) relative intensity. A 
typical X-ray spectrum will have a great number of x-ray peaks and interference effects 
such as secondary electron and x-ray emissions from low atomic number elements. 
Continuous background below 10 keV is related to bremmstralung emitted by 
secondary electrons and high energy tailing produced directly by the proton beam.
2.3.2 Theoretical Principles behind the PIXE Equation
The basic principles o f PIXE have been used in multi-elemental analysis o f the surface 
and near surface region o f sample materials. Typically, PIXE analysis consists o f two 
parts: firstly, to identify the characteristic peaks in the X-ray emission spectrum and 
secondly, to determine the amount o f particular element present in the target from the 
intensity o f the characteristic x-ray.
PIXE analysis is based on a beam o f charged proton ionises the inner shell (K , L, M)
electron(s) o f a targeted atom. Inner shell vacancies are filled by outer electron(s) and
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characteristic x-rays are emitted as the atom de-excites to its stable state. Thus, the 
difference between the initial and final energy state of the atom is characterised by the 
energy of the characteristic x-rays. De-excitation can also occur with the emission of an 
Auger electron. The incident protons may undergo further elastic and inelastic scattering 
during the process. Thus, primary ionisation can cause characteristic x-ray emissions 
and secondary ionisation leading to further characteristic x-rays, further ionisation and 
secondary fluorescence.
Figure 2: Proton Interaction with Stopping Density of M atter
X-rays
Backscattered Protons
Secondary Electrons 
(Bremsstrcihlung)
Original Proton Energy
(Eq) in Projectile
y-rays
Forward Scattered Protons
Residual Proton Energy (Er)
.Z.
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E r= E q. J0 —  dz dz)
where L= path length; 
dE/dz = rate o f proton energy
Target Stopping Power - See Eq.[16]
The main interaction of the ion beam with the target is related to Coulombic forces. The 
probability that an energetic (~ MeV) proton particle will cause inner shell ionization 
known as ‘ionization cross section ', d \ and it is estimated in the order of bams (10'24 
cm ) that such an interaction will leave a vacancy. This probability of ionisation 
depends on the relative velocity of the projectile and increases rapidly with projectile 
energy. The Plane Wave Bom Approximation explains the dependency of o’ for higher 
projectile energies and the required corrections of the binding energies of the target 
atom electrons and columbic deflection of the approaching projectile for lower
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projectile energies. The PWBA theory predicts a Z2 dependence o f the cross section. 
Comparison between these theories and experimental results show good agreement of 
typically ±30% in the energy and atomic region o f interest.
When a projectile is involved in a nuclear reaction (p,y), y-rays will be emitted which 
will produce a high energy tail in the spectrum due to Compton scattering in the 
detector. Moreover, if  y-ray energy is o f low energy, they may be directly detected in 
the detector and give rise to discrete peaks which may be mistaken as characteristic x- 
rays. Generally, it has been found that a y-ray’s background is dominant at photon 
energies where the K X-rays from the elements Z>30 occur and at proton energies 
between 3-5 MeV. Thus, beam energy should, be kept as low as possible to keep y -rays 
background to a minimum.
PIXE analysis requires an understanding o f ionization cross sections, fluorescence 
yields, and absorption coefficients. The probability o f x-ray emission is measured by the 
‘fluorescenceyield’, w, which increases gradually with atomic number, Z. Fluorescence 
yield, w, can be expressed as the ratio o f the characteristic x-rays (i.e. production cross 
section, cr x) to the number of primary vacancies created in the shell (i.e. ionization 
cross-section, cr /). For use in chemical analysis, the production rather than the cross 
section is o f interest. Thus, the fluorescent yield, wz , branching ratio, bz and ionization 
cross section, c z can be combined to give the x-ray production cross-section:
(a (E ) = wzbz a z (E)) [14]
Fluorescent yield in the L shell becomes more complicated due to the potential for 
Coster-Kronig transitions:
Wz =
X{L\)+X{U)+X(I3j
V rh+ril+riS
[15]
Two other factors, the branching and attenuation factors are further discussed below. 
The’ attenuation factor ’ is associated with x-ray attenuation (in the x-y voxel plane) as 
x-rays pass through the sample. Lower energy x-rays are more attenuated, in
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particularly by higher z elements. ‘Mass attenuation coefficients ’ consist o f published 
theoretical data based on the measure of an element’s attenuation o f x-ray’s o f specific 
energies. The branching ratio is based on a relative probability that a L-shell transition 
will occur, producing a Ka peak base on the K-shell ionisation. Tabulated data o f the 
branching ratio’s are obtained from the PIXE analysis program (i.e. GeoPIXE) program.
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Figure 3: Typical PIXE Spectrum (Source: Johansson, et al, 1988).
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The high resolution of the Si(Li) detector allows energy dispersive detection and x-ray 
transitions (of K-X-rays). Transitions going from to the K-shell are known as K X-rays. 
If the electron filling the vacancy comes from the L shell, the transition is denoted Ka 
and, if  it comes from the M shell, Kp. In a PIXE spectrum, light and heavy elements give 
rise to only two resolved peaks, and Kp. (see Figure 3, above)
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2.3.3 Sample Thickness
In PIXE analysis, the thickness o f the sample is characterised according to the proton 
stopping power and X-ray attenuation. Thin samples are representative o f conditions 
where the proton beam loses negligible energy in the sample and X-rays exit the sample 
with negligible attenuation. Trace elemental distribution cannot be measured in a 
sample if the sample material is too thin. X-ray yield in samples o f intermediate 
thickness experience effects due to the ionisation cross section across the proton range. 
In this research, thick samples were analysed. Pelletisation process o f the sample was 
used to provide a sufficient target thickness to stop the proton beam. The mass stopping 
power which is the rate o f loss o f energy over a certain distance can be defined as:
1161\ d z ) P d x
d E .
Where, —  is the energy lost per unit distance travelled in the sample (linear stopping 
dx
power).
The concentration of elements in thick samples can be determined using the following 
equation:
y , t (E  ) jE-s ^4n M  j Ulhp [17]
Q= Detector Solid Angle; NA = Avogadros Number [mol'1]; Mz = atomic mass of element Z; NP=number 
of incident protons; Transmission of x-rays from sample to detector; Sj = intrinsic efficiency of the 
detector; WZ)K = fluorescent yield of the K shell for element Z; bx,Z;i = branching ratio of x-ray of 
transition for element Z; Ts= transmission of x-ray through sample.
The exit energy o f the proton, Ep/is needed to compute the matrix effect represented by
the integral. Experimental work has involved methods such as scattering the transmitted
proton beam from a thin, single element film (or foil) into a surface barrier detector.
Alternatively, EPtf. may be obtained via the known major element composition and the
specimen thickness (which in some cases can be deduced directly from the measured
specimen mass). For thin samples, it is assumed that the transmission o f X-ray through
sample, Ts. is 100%. Therefore Ts is replaced with a constant a. As there are differences
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in the mass fractions calculated from this approach, the ratio o f these results is known as 
the Matrix Correction Factor (MCF).
r
\  Z  ,th in
[18]
 J
This ratio increases with density and decreases with atomic number. For Z=15, the MCF 
will not increase rapidly with areal mass density; but MCF will rapidly increase. Thus 
uncertainity on the MCF will induce large errors in concentrations. Various examples of 
detection limit improvement may be found in the PIXE literature [ Winefordner 1995] 
for thick samples containing matrix effects elements having Z>10.
2.3.4 Relative and Absolute Methods
The use o f relative methods compares the concentration calculated from the x-ray yield 
for an element detected in the sample to the same element in the certified standard (see
3.5.1 and 3.5.2). Relative methods are defined as follows:
Qampie= unknown elemental concentration in sample; Y= x-ray yield; Q = charge.
The absolute method in calculating the elemental concentrations requires accurate 
measurement o f parameters such as the detector efficiency, cross section and attenuation 
'coefficients. In thick samples where the incident proton beam is completely stopped 
within the sample, the x-ray yield can be calculated using the absolute method as 
follows:
Where, C = concentration of element; NA = Avogadros Number [mol'1]; Mz= atomic mass of element Z; 
Q = Total incident proton charge on the sample; e=charge of a single proton; Q = sold angle from detector 
to beam spot; s(E) j = Intrinsic efficiency of the detector at specific X-ray Energy, E. cx(E) = x-ray 
production cross section for protons in target element; F(E) = x-ray attenuation in matrix given by:
sample
C Y 0std sample
Y Ostd sample
[19]
\cTx ( E ) F ( E )
P
[20]
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f (e ) =  exp cos 0 Er dE
c°s e „  } s ( E) [21]
where, S(E) = mass stopping power of sample matrix at proton energy Ep= incident proton energy; 0a: 
incident angle of the proton beam, normal to the sample; 0p = angle of the x-ray, normal to the target; p : 
x-ray attenuation coefficient in the sample matrix.
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2.4 Scanning Electron Microscopy
An electron beam produced through the heating of a metallic filament strikes the sample 
and both photon and electron signals are produced (see Figure 4). The detector consists 
of a Faraday cage, a scintillator, light pipe (column) and photomultiplier tube. Electrons, 
incident on the scintillator, produce photons that follow a vertical path through the light 
column (via internal reflection) to the photomultiplier; where the signal falls on the first 
photocathode and is converted back into electron current. The electrons are accelerated 
onto successive electrodes, finally producing a cascade of electrons.
Figure 4: Interaction o f Incident Beam
Electrons with Matter
Backscattered Electrons
X-Rays Cathodoluminescence
Secondary Electrons
Auger Electrons
SAMPLE
The detector operates with a positive bias of around 100 V on the Farday cage. The 
effect of this is to deflect the trajectories of the secondary electrons emitted from the 
sample into the detector. A bias accelerates the electrons into the scintillator. 
Backscattered electrons, incident to the detector, will also be detected and contribute 
towards the signal observed. The positive bias will have little or no effect on these 
electrons; and only secondary electrons and backscattered electrons (10-50 keV) will be 
detected when the bias is switched off.
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3 EXPERIMENTAL RESEARCH
In the study, multi-elemental characterisation o f human hair and roadside PMio were 
analyzed using INAA; and PIXE analysis was employed as a complementary method to 
INAA in the detection o f the heavier elements (in PMio) in air particulate samples. 
Scanning Electron Microscopy (SEM), based on electron induced x-ray emission was 
also used for determining the size o f the particulates (in the PMio range) at high spatial 
resolution (10 pm). Lower sensitivity o f this instrument is predominately due to the 
high bremsstrahlung background created by the passage o f electrons through matter.
3.1 Sample Preparation
Prior to sample preparation, all bench areas and surfaces o f a laminar flow unit (LFU) in 
a clean- room were washed down with 1% Nitric acid (Analar grade) solution. 
Polyethylene capsules were soaked (overnight) in 1% nitric acid solution followed by 
rinsing with double-deionised water (three times) and dried at room temperature in the 
LFU.
Inner and outer capsules were labelled with sample and user reference numbers with 
permanent (Staedler Lumocolour) ink pens. Plastic tweezers/scissors were used to 
reduce the chance o f cross-contamination; and powder-free gloves were worn during the 
handling o f capsules.
3.1.1 Human Hair
Human Hair (>100mg) was collected (3-5mm from the scalp) on the (left) side o f the 
nape o f the neck from the various subjects. Sample preparation was undertaken in 
accordance to the IAEA, 1992 recommended treatment protocol which involved three 
separate washing stages: analar acetone (in the removal o f  oils/lacquers), followed by 
two rinses and one-hour soaking with ultra-pure or double deionised water (removal o f  
adhering dust, loosely hound contaminants and other external sources); and finally, the 
hair is agitated in acetone for a period o f 1 0  minutes and air-dried (overnight) at room 
temperature. All bulk hair samples were given an identical washing treatment. Lower
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mass o f hair was collected from several participants in the survey with closely cropped 
hair hair-styles; and therefore sampling was not consistent with the Experimental 
Protocol of Procedures.
3.1.2 Air Particulate Filters
Millipore filter samples were analysed using INAA and PIXE/RBS analysis. Collected 
sample mass on PMio filters were determined gravimetrically and re-weighed prior 
analysis. The small sample mass collected on the filters was an important limitation in 
the instrumental sensitivity and analytical detection of elements o f lower concentrations. 
Ideally, half of the filter should be used in comparative analysis; however, the relatively 
low mass of particulates on collected filters would have further compromised the 
analytical limits of detection. Filter samples were pelletised to improve geometry and 
counting statistics. However, the non-homogenous nature of the pelletised filter resulted 
in some limitations towards the sensitivity o f PIXE analysis. Fine foldings in the carbon 
coated pelletised filter resulted in high charge induction and increased background 
counts from surface backscattering; and hence, increased detection limits.
3.1.3 Preparation o f Standards
Certified Reference Materials (CRM) consist o f certified values that are weighted 
means of results from two or more analytical methods; whilst standard reference 
materials (SRM) are based on weighted means o f results from one method determined 
in several collaborating laboratories (or from two or more analytical methods performed 
by selecting collaborating laboratories). Certified mass o f the Reference Materials, RM 
were significantly reduced from 150 mg to 1 0 0  mg to reduce dead time effects in the 
analytical method of detection.
The CRM, Tobacco Leaves (ICHTJ/CTA/OTL-1), SRM, Peach Leaves (1547) and RM, 
Bowens Kale were used in the INAA analysis. RM were prepared in the conventional 
manner: Pelletised 5mm RM (in filters) and pelltised powdered 5mm RM were enclosed 
in ultra thin pre-cleaned polyethylene capsules, and double contained in a heat-sealed 
outer capsule. The inner capsule, S2 (15 mm x 10 mm, diameter x height) contained the
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sample whilst the outer capsule, S6  (15 mm x 70mm) was placed into an aluminium (19 
cm diameter) irradiation tube.
3.1.4 Protocol in Experimental Procedure for Irradiation
A Research Proposal, personal/work registration documents, prior risk/hazard 
assessments (i.e. ICRCL1 documentation) with dose rates and shielding calculations 
were submitted, as required under the Local Rules for work permitted in the use of 
ionising radiation (2(1), Ionising Radiation Regulations, 1999) to the RPA- at the 
Imperial College Reactor Centre.
3.2 INAA Analysis of Air Particulate Filters and Human Hair
Irradiations were carried out using the light water Consort II reactor (100 kW), a reactor 
core consisting o f 24 fuel elements (each containing 16 plates o f 80% 235U) immersed 
and moderated in a tank o f demineralised water at the research facilities o f the Imperial 
College Reactor Centre Centre. The In-Core Irradiation System (ICIS) provides the fast
transfer o f samples into and out of the centre of the reactor core in a high thermal
12  2  1 • neutron flux of 2.3 x 10 cm' s' (for the production of short-and intermediate lived-
nuclides). Double contained samples are loaded into the magazine (of 38 sample
capacity), pneumatically transferred (one at a time) through transfer tubes (mounted
inside aluminium tubes) by means o f compressed nitrogen gas.
The irradiated samples are transferred out o f the reactor to the radiochemical laboratory 
(where the samples were placed into clean containers). On ejection from the irradiation 
position in the core, the samples are pneumatically delivered from the Reactor Hall to 
the radiochemical laboratories to the fume cupboard chute (at 75 m delivery distance 
and within 12 second delivery time) The outer capsule is cut open in the fume cupboard 
and the irradiated capsule was removed using tweezers; the sample in the inner S2 vial 
was then transferred (at 10 cm body distance) to the counting system. The total 
scheduled time for waiting and counting was set to coincide with the pre-set times 
scheduled for waiting and irradiation.
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3.2.1 Absolute INAA Method (Applied to ICIS-INAA)
As a result o f short time INAA, elemental detection was determined in samples by a
19 9 1thermal neutron flux of 2.3 x 10 neutrons cm' s' (ICIS, short irradiation); processing 
of (delayed) y-ray spectra (from GeLi spectrometry system) and computations of 
chemical elemental mass (using a gamma ray software package).
Table 1: Short Irradiation using Delayed (GeLi) y Spectrometry
Ele. MDL111 Analyte Half-life 
(m, h, d)
Energy
[keV]
Cross-Section 
(1 O’24 barn) 
CJth I
Closest Interfering Energy 
(y-Energy, Isotope).
Na 1.49E+01 24Na 897.54 m (14.91 
h)
1368.6,
2754.0 0.53 0.34 Negligible
Mg 2.89E+00 27Mg 9.462 m 843.74,
1014.4
0.04 0.03 1368,24Na;28Si; 844, 
846,56Mn.
AI 4.77E-01 ^Al 2.24 m 1779.0 0.23 0.24 1014,24Na; 1368,28 Al; 
28Si.
S
4.82E+02 37S 5.05 m 3104.0 0.15 0.17
Cl 6.15E+00 38C1 37.24 m 1642.7,
2167.4,
0.43 0.21 3104,37S.
K 4.97E+01 42k 741.6 m (12.36 
h)
1524.7 1.46 1.42 1642,42K.
Ca 3.73E+01 4yCa 8.72 m 3084.4 1.1 0.9
Ti 2.32E+01 51Ti
5.76 m 320.1 0.18 4.4
V
1.06E-02
52y
3.74 m 1434.1 4.88 2.9 1434, Cs
Mn
1.57E-04
56Mn
10.47 m 846.8, .
1810.7,
2113.1.
13.30 14 844,27Mg
Co 1.93E-01 60mCo 10.47 m 58.6,
1332.5
20 36.5
Cu 4.60E-01 66Cu 5.12 m 1039.6 2.17 2.4
Br 7.62E-02 80Br 17.68 m 616.6 8.50 148
Sb
7.85E-01
l22mSb
4.19 m 61.41
Sn
3.06E+01
125mSn
9.52 m 332.1
I 8.41E-02 128j 24.99m 442.9 6.20 147
La 7.93E-02 140La 40.2 h 1596.2
1596,
72Ga. La
Note: [ l ] M D k = 2~jNB' ( s e e  section 2.4.2). I = Resonance Integral; c th = thermal cross section
Elemental concentrations were computed for all analyte y-rays using well resolved full 
energy peaks; and internal standard deviations in counts were used to determine the
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uncertainty in calculated mean concentrations. Gamma ray energies o f nearly all (n, y) 
products o f reasonable half life had been accurately determined to ±  5 keV, or better. 
Confidence limits were based at 1 sigma o f uncertainty (allowing for 6 8 % of the 
broader peaks to be selected from the background spectra in the counting statistics). 
Whilst, detection limits of a particular element was calculated at 2 Vbackground. A 
listing of the analyte radionuclide (with half-life), utilized y-rays energy(s) (in italics), 
and elements detected and detection limits are presented in Table 1, above.
In general, activation analysis is considered a ’whole sample’ method o f analysis. 
Quantitative measurement is based on the induced radiation emitted from the sample, 
which in turn, is dependent upon the volume o f interaction (i.e. geometry) and the 
volume o f detection. Measurements o f samples were undertaken under identical 
irradiation conditions (i.e. flux, source shape and size) to the SRM/CRM; and cross 
sectional area, uniformity of the radiation flux, attenuation, absorption and scattering in 
the material were further assessed (in selective samples) through absolute and 
comparator methods o f analysis. All concentration calculations were generally 
performed by the absolute standardization method using parameters such as atomic 
knowledge, nuclear parameters and experimental conditions in Table 1.
A series o f tests to determine optimum parameters o f irradiation, decay and counting 
times were initially undertaken on test samples. Measurement o f the radionuclide with 
short half-lives was optimized by reducing the waiting time (from 1 2 0 s to 60s) whilst 
keeping dead time below 15%. An optimium counting time will ensure a high 
signal to nosie ratio, allowing lower detection limits above intereferance (through 
background o f other elements in the sample matrix). Irradiation times, ti o f the samples 
were synchronized between the operating and counting room and internal corrections 
for any delay in the counting scheme were corrected in the Gamma Vision software.
3.2.2 Calibration Measurement and Data Evaluation
The y-ray spectrometer linked to the ICIS system consisted o f a GeLi detector (FWHM 
= 2.7 keV at 1332.5keV), spectroscopy amplifier, analog-to-digital converter, counting 
system, and a high voltage power supply. Absolute full energy peak efficiency 60 keV -
1.588 MeV, was calibrated for the energy range using standards of primary NPL point 
sources (i.e. 241Am, 152Eu, 60Co) and S2 pot shape capsule at a source-detector distances 
(at 70 mm and on the surface) o f the detector. The efficiency curve for the detector was 
plotted using the Gamma Vision software and the experimental efficiency data were 
fitted using the quadratic function for above and below the knee values (above the knee: 
ln(efficiency) = 2.33 + 0.583In(E) -  0.1180(In(E)2).
3.2.3 HPGE and GeLi Counting Systems
Quantitative results o f these analyses, together with detection limits for the experimental 
conditions used, were compared with the results obtained from the HPGe detector 
associated with the ALVIS short irradiation system and the GeLi detector o f ICIS short 
irradiation system of similar irradiation schemes. The HPGe detector was o f higher 
resolution (FWHM = 1.8 at 1332.5keV), and a wider energy range (20 keV-3.3 MeV) 
compared to the GeLi detector system. Test results had shown that the HPGe detector, 
was more useful in distinguishing small peaks above the background continuum in the 
hair sample analysis; as high spectral resolution was required in removing the 
overlapping energy peaks.
Millipore membranes have been known to show high background matrix effects, mainly 
due to the relatively large concentration o f Mn present in the filters; and Spyrou 1976, 
had illustrated that detection limits were significantly worsened when these membranes 
have been used as backing for the reference materials. This interference effect, 
associated with Mg (at 843 keV) and Mn (846 keV) was seen in the comparably, 
higher counts, o f Mg from the GeLi counting system. Continued use o f the GeLi 
detector (associated with the ICIS system of detection) was undertaken on the basis that 
this method o f irradiation was the only available facility at the reactor centre during the 
scheduled period of programmed analysis.
3.2.4 Detector Dead Time (GeLi Detector, ICIS System).
Dead time involves the minimum time interval for any detector or electronic circuit that 
must lapse in order for two separate events to be detected. The effect o f dead time is in 
the lowering o f the count rate due to a loss o f pulse; and it is assumed that dead time
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represents an approximate constant at a source-detector distance. However, there will be 
a significant variation in dead-time between irradiated standards and samples (at similar 
source geometry) due to the high elemental content in the standard/certified reference 
materials (RM) for a given certified mass. Thus, in relative methods of analysis, it was 
necessary to reduce certified mass in order to improve upon dead time effects by 
counting at smaller detector to sample distances.
3.2.4.1 PM  10 Filters
Collected PMio on filters o f low mass had resulted in low detected activity and, in most 
cases, samples were counted on the detector surface to improve counting statistics. A 
delay in the counting o f the reference materials was necessary in order to reduce the 
high dead time; and to increase accuracy (in concentration calculations) using the 
relative method. An increased waiting time in recounting of the reference materials at a 
lower shelf would result, in some cases, poorer detection in 28A1 and 52V (2.24 and 3.74 
min, respectively) or the decay o f the short lived radionuclides such as 66Cu, 51Ti, 122mSb 
(of 5.12, 5.76 and 4.19 min, respectively).
3.2.4.2 Hair Samples
Collected hair samples (<50 mg) and PMio on filters (0.06-2.42 mg) o f low mass had 
resulted in low detected activity and in most cases, samples were counted on the 
detector surface to improve counting statistics. However, there was also a significant 
variation in dead-time between the various irradiated standards (OTL, ICHTJ-1 and BK) 
and the samples at a similar source geometry due to the high elemental content in the 
SRM/CRM for a given certified mass. Bowen’s Kale (BK) had still shown relatively 
high dead time (at 25%) at a source-detector distance o f 3cm (i.e. shelf 3).
Correction factors are sometimes based on shelf correction ratios due to differences in 
counting geometry between the sample(s) and the standard in relative method of 
analysis. However, these calculations will contribute to error and uncertainty in the 
calculation o f concentration. Additionally, a significant loss o f analytical time can be 
associated with delayed counting of reference materials (of certified mass) at the lower 
shelves; justifying the use of either absolute method o f the use o f more recent and
36
relatively expensive standards, such as the ‘Human Hair’ (CRM/GWB 07601) in routine 
trace elemental studies.
3.2.43 Reference Materials
To increase accuracy in the analytical calculations, a delay in the counting o f the 
reference materials was necessary so as to reduce the high dead time. An increased 
waiting time in recounting o f the reference materials at a lower shelf would result, in
98  ^9some cases, poorer detection m A1 and V (2.24 and 3.74 min, respectively) or the 
decay o f the short lived radionuclides such as 66Cu, 51Ti, 22mSb (of 5.12, 5.76 and 4.19 
min, respectively). A significant loss of analytical time can be associated with delayed 
counting o f reference materials (of certified mass) at the lower shelves; justifying the 
use o f the recent manufactured and relatively expensive NIST standards, such as the 
‘Air Particulate on Filter Media (NIST/SRM 2783) in air particulate studies and ‘ 
Human Hair’ (CRM/GWB 07601) in trace elemental studies.
3.2.5 Spectral Interferences in y-ray Spectrum.
A benefit o f short-term activation with themal neutrons involves the determination of 
the elements, Mg, Al, S, Cl, Ca, Ti, V, Mn, Cu, and I, which cannot be determined 
using long time irradiation. In this study, background interference from matrix effects or 
interference from photo peaks of high elemental mass in the sample were not very 
significant and had not prevented the detection o f short-lived, low activity isotopes. 
Analytical detection limits achieved in this work are recorded in Table 1.
Potential elemental interference from the longer lived radioisotopes was minimized 
through the use of the optimized counting time (tc=120s). Effects o f interference were 
also estimated against counts in the standard reference material, and corrections were 
made in the calculated concentrations. The GeLi detector has a poorer resolution o f 2.7 
keV in contrast to a HPGe detector. Limitations o f the GeLi detector in determining 
spectral interference effects, was also overcome by selecting alternative gamma-ray 
energy peaks associated with certain radionuclide interferences (1810.7 keV 56Mn, 
photo-peak). Low percentage of abundance (<0.1 %) may also result in poor energy 
peaks, in particular, in relation to the short-half lived isotopes. However, high resonance 
integral (ratio o f a th/I) will allow improvement in detection limits, for example, a th/I of
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128I (of 6.2,a th and 147,1) and 239U (of 2.7oth and 275,1) preventing interference from 
radioisotopes such as 24Na.
The detection o f 28A1 in air particulate matter is sensitive to the interfering 28Si (n,
98p) A1 reaction, although, Si concentrations in samples using PIXE were obtained with 
relatively high precision (at 2.7%). Concentration o f the interfering reactions o f 28Si (n., 
p)28Al, 30Si(n, alpha)27Mg, and 37Cl(n,p)37S and 56Fe(n,p)56Mn have not been evaluated 
on the basis o f the relatively low concentrations (at levels < detection limits) in the vast 
majority o f samples. However, interference correction factors can also be determined, 
experimentally, using irradiated pieces o f high purity Si wafer, and high purity A1 foils.
The determination o f 37S (3104 keV) is sufficiently above the analytical lines o f other 
high energy gamma emitters (of 24Na, 28Al, 38C1, 49Ca, and 56Mn), however, the 
background within this energy region is strongly dependent on 38C1.
38
Photo 1 : Non-homogenous Properties of Pelletised Millipore Filter
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3k, 5kv (x'5000 Magnification)
The detection of the 1642.2 keV photo-peak of 38C1 is similarly dependent upon good 
spectral resolution due to possible interference from the gamma rays arising from the
oo
double escape peak of CL The high background continuum in the energy peak region 
of S resulted in the relatively high detection limit (of 482 jag/g) in the analysis. The 
determination of low concentrations of Ti may also be problematic, however, elemental 
concentration were usually above the detection limit (of 23 pg/g). Nuclear or spectral 
interferences are not normally associated with the detection of Ti, V , Co and I 
radioisotopes in INAA. Intereferance from background of predominant photopeaks from 
the longer-lived nuclides was not a significant limiting factor in detecting low activity
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isoptopes; rather, the mass of irradiated sample had mainly affected the sensitivity o f 
elements of lower concentration (and peak area) above the Compton background.
Figure 5: Compton Suppression Techniques (INAA)
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Mauerhofer, E. 1996, had shown that reduction o f Compton continuum produced by the 
activity o f short irradiated 28A1 (1778 keV) and the activities o f 56Mn (846 keV), 24Na 
(1368 keV) allowed the observation o f y-rays o f 71Zn (910 keV) and 116mIn (1097 keV) 
using a CsI/BGO/Ge anti-Compton spectrometer. Improvement factors for the detection 
limit within the system were between 2-4 times for the main y-rays and 15 times for 
several y-rays emitted in cascade' Whereas, increased counting time may potentially 
increase the interference effects from the longer lived radioisotopes. In air particulate 
studies, it is possible to improve counting statistics using Compton Suppression 
techniques (see figure, above); and increase the detection limits that can be obtained for 
y-rays o f low elemental concentrations (such as Sn, 332 keV and La, 1596 keV). Signal 
to noise ratio would equally have been improved with increased radiation flux, longer 
irradiation schemes, radiochemical seperation and short-lived epithermal activation.
3.3 Data Analysis Optimization
The majority o f INAA analysis undertaken today will use the comparative method of 
analysis; whereby a sample o f known mass and elemental concentration (i.e. standard) 
and the unknown sample are irradiated under the same flux. This method is precise and 
accurate if  the standard available is similar in composition to the composition o f the 
sample. However, feasibility studies had demonstrated that the absolute method of 
analysis would be the best employed method in data analysis o f this study. This method 
works well in stable reactors where flux changes are negligible; and reduces error 
associated with differences in associated geometry (i.e. shape) and attenuation (i.e. 
absorption) effects with the use o f reference materials.
3.3.1 Feasibility Study
A comparative study between elemental quantitative analysis using relative methods 
and the ‘Absolute Method of Analysis’ (AMA) against certified values has been 
assessed in the study. Relative methods consist o f the Single Comparator (S-C) and 
Comparator Method of Analysis (CMA). Concentration calculations performed by the 
absolute standardization method and relative methods are discussed in sections 2 .1 . 2  
and 2.1.3.
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Average experimental concentrations (pg/g ± SD, la )  o f the RM, Bowens Kale in 
contrast to the published certified values using the various methods o f data analysis are 
recorded in Table 2A and 2B (below).The derived elemental concentrations o f RM 
using the AMA and S-C method o f analysis were most similar and show good accuracy 
with the certified values. Trace elemental values o f the irradiated reference material’s 
were similar to the certified values for Na, Al, S, Cl, K, Ca, V, Mn and Br using the 
AMA and the S-C method; however, Mg, Co, Cu and I have shown slight variation 
from the certified values.
Table 2A: Mean Concentrations in CRM (INAA Methods).
Elem. Certified Values 
/ Confidence Interval
INAA Methods
BK01 (pg/g ±SD, la)
AMA111
(fjg/g±SD,l<j)[A]
s-c12]
(ffg/g — SD, 1 q) [4]
c m a [3]
(Vg/g±SD,lo)[4]
Na 2.37E+03 ± 2.84E+02 2.26E+03 ± 
0.61E+02
2.30E+03 ± 
0.86E+02
2.30E+03 ± 
4.02E+02
Mg 1.61E+03 ± 1.77E+02 0.67E+03 ± 
0.67E+02
0.68E+03 ± 
0.68E+02
0.42E+03 ± 
53.70E+02
Al 3.99E+01 ± 1.00E+01 1.72E+01 ± 
4.00E-01
1.75E+01 ± 
6.00E-01
0.82E+01 ± 
0.33E+00
S 1.57E+04 ± 2.19E+03 8.40E+04 ± 
1.76E+03
8.54E+04 ± 
0.50E+03
0.39E+04 ± 
1.86E+03
Cl 3.56E+03 ± 4.27E+02 4.73E+03 ± 
7.80E+02
4.81E+03 ± 
8.05E+02
3.01E+03 ± 
6.91E+02
K 2.44E+04 ± 1.46E+03 2.13E+04 ± 
0.61E+03
2.17E+04 ± 
0.83E+03
2.22E+04 ± 
. 10.00E+03
Ca 41.11E+03 ± 2.22E+03 2.82E+03 ± 
5.92E+01
2.87E+03 ± 
9.42E+01
12.11E+03 ± 
4.79E+03
V 4.00E-01 ± 5.80E-02 6.40E-01 ± 
1.30E-02
6.50E-01 ± 
2.00E-02
2.20E-01 ± 
1.00E-02
Co 0.06E-00 ± 1.07E-02 7.12E+00 ± 
6.60E-01
7.24E+00 ± 
70.00E-02
3.66E+00 ± 
1.00E-02
Mn 1.48E+01 ± 1.60E+00 1.13E+01 ± 
3.00E-01
1.15E+01 ± 
4.50E-01
1.19E+01 ± 
1.80E+00
Cu 4.9E+00 ± 0.64E-00 64.5E+00 ± 
3.40E+00
65.6E+00 ± 
3.80E+00
13.2E+00
±3.60E+00
Br 2.49E+01 ± 2.50E+00 2.38E+01 ± 
5.40E+00
2.42E+01 ± 
5.50E+00
3.70E+01
±34.10E+00
I 0.14E-00± 1.00E-02 6.47E+00 ± 
14.00E-02
6.59E+00 ± 
22.00E-02
2.08E+00 ± 
6.00E-02
Note: [1] Absolute Method [2] Single-Comparator Method;[3] Comparative Methods of Analysis [4] Errors (1 SD) 
are represented as propagation of error.
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Table 2B: Mean Concentrations in CRM (INAA Methods).
Elem. Certified Values 
/ Confidence Interval
INAA Methods
BK02 (ftg/g ±  SD, 1 cr)
AMA111
( p g / g  ±SD, lcr)[4]
S-C121
(pg/g ±SD, lq )[4]
CMA131
(lJg/g±SD,lo)W
Na 2.37E+03 ± 2.84E+02 2.14E+03 ± 
± 0.44E+02
1.70E+03 ± 
0.62E+02
2.53E+03 ± 
4.14E+02
M g 1.61E+03 ± 1.77E+02 0.14E+03 ± 
8.00E+00
0.14E+03 ± 
9.00E+00
1.57E+03 ± 
2.84E+03
Al 3.99E+01 ± 1.00E+01 4.35E+01 ± 
0.09E+01
4.43E+01 ± 
0.15E+01
2.80E+01 ± 
1.15E+01
S 1.57E+04 ± 2.19E+03 1.14E+04 ± 
0.24E+03
1.16E+04 ± 
0.38E+03
2.21E+04 ± 
10.70E+03
Cl 3.56E+03 ± 4.27E+02 3.15E+03 ± 
1.05E+02
3.21E+03 ± 
1.44E+02
3.51E+03 ± 
1.64E+02
K 2.44E+04± 1.46E+03 1.81E+04 ± 
0.51E+03
1.84E+04 ± 
0.69E+03
2.38E+04 ± 
9.63E+03
Ca 4.11E+04 ± 2.22E+03 3.50E+04 ± 
0.10E+03
3.56E+04 ± 
1.03E+03
3.91E+04 ± 
2.28E+03
V 4.00E-01 ± 5.80E-02 2.90E-01 ± 
1.00E-02
3.00E-01 ± 
1.00E-02
2.61E-01 ± 
1.00E-02
Co 6.32E-02 ± 1.07E-02 0.07E-02±
0.16E-02
0.07E-02 ± 
0.30E-02
0.62E-02±
1.00E-02
M n 1.48E+01 ± 16.00E-01 1.04E+01 ± 
2.90E-01
1.06E+01 ± 
4.00E-01
1 .4 0 E + 0 1 ±
20.00E-01
Cu 4.89E+00 ± 6.40E-01 9.07E+00 ± 
1.90E-01
9.23E+00 ± 
3.00E-01
4.44E+00 ± 
1.30E-01
Br 2.49E+01 ± 2.50E+00 1.29E+01 ±  
2.50E+00
1.31E+01 ±  
2.50E+00
2.22E+01 ±  
20.7E+00
I 0.14E+00± 1.00E-02 1.20E+00 ±  
2.50E-02
1.21E+00 ±  
4.00E-02
0.08E+00 ±  
1.00E-02
Note: [1 ] Absolute Method[2] Single-Comparator Method [3] Comparative Methods of Analysis [4] Errors (1 SD) 
are represented as propagation of error.
A method o f analysis may be very precise where replicates show the same results but 
may lack in accuracy to the real values o f the certified material; as precision depends on 
the background noise level as well as the concentration o f the determined element. 
Independent of concentration, precision has been known to vary from 2-5% of real 
values obtained in INAA methods o f analytical detection. AMA and S-C methods have 
shown relatively good precision in mean calculated values for Mg (7.4E+02 ± 6.5E+01 
pg/g and 4.1E+02 ± 6.9E+01 pg/g, respectively) in the irradiated RM; and the 
experimental values o f Mg were one magnitude lower than the mean certified values 
(1.6E+03 ± 1.8E+02 pg/g), and as importantly, its reported error.
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Nuclear or spectral interferences is in particular not associated with the detection o f Co 
and Cu; although, matrix effects from elemental traces in the irradiated blank capsules 
did not contributed to higher experimental counts. High elemental concentration in the 
RM compromised the use o f similar counting geometry to the samples; and therefore, 
radionuclide’s o f shorter decay were initially counted at higher shelves to reduce 
detector dead time. Thus, correction factors were still required to estimate counts from 
decayed short-lived radioisotopes; and consequently, higher values o f propagated error 
were recorded in derived concentration’s using the CMA method. Additionally, 
concentrations o f Co, I, Ti, and V identified in the samples could not be measured 
(using the CMA) as these elements were either undetected or absent in the CRM.
Hair sample (n=20) concentrations were initially validated against AMA and S-C 
comparative methods. Elemental (range) concentration (pg/g) ± SD, la )  in sampled hair 
(0.01 - 0.113g) from high exposure group (n=20) using the Absolute (AMA) and Single 
Comparator (SC) Method o f Analysis are summarised in Table 3. Agreement between 
the elemental concentration range in values o f the hair samples were obtained for all 
elements using both methods o f analysis. Although, the S-C method had shown higher 
propagation o f error for S, Cl and I, and lower statistical error for Mn and Mg. Range in 
concentration data (± propagation o f error) using both methods o f data analysis. Internal 
CRM, OTL and SRM, BK were also used in analytical quality assurance/control
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Table 3: Mean Concentrations in Hair (AMA and S-C Methods).
Element MDL[11 AMA121 Concentration Range 
(yg/g±SD,lo)
S-CL3J Concentration Range 
(pg/g±SD,lo)[4]
Na 1.49E+01 2.07E+01 - 7.90E+01+ 2.11+01 - 8.05E+01±
Mg 2.89E+00 3.96E+00 - 2.00E+01+ 4.03E+00 - 2.03E+01+
Al 6.18E-01 2.67E+01 - 1.12E+02± 2.72E+01 - 1.14E+02±
S 4.82E+02 8.01E+03 - 2.34E+05± 
(3.33E+02 - 8.66+03)
8.16E+03 - 2.38E+05±
Cl 7.32E+00 6.08E+01 - 3.13E+03± 6.18+01 -3 .19E+03+
K 4.97E+01 <MDL - 8.23E+02± <MDL - 8.38E+02+
Ca 5.49E+01 3.06E+01 - 5.33E+03± 3.12E+01 - 5.43E+03±
Ti 2.32E+01 <MDL - 2.90E+02± <MDL - 2.96E+02±
V 1.15E-02 1.08E-01 - 5.46E-01+ 1.15E-02- 5.56E-01+
Co 1.57E-04 1.57E-04- 9.56E-01± 1.57E-04- 9.73E-01+
Mn 1.98E-01 1.98E-01- 1.95E+00± 1.98E-01- 1.99E+00+
Cu 4.60E-01 4.60E-01- 5.44E+01+ 4.60E-01- 5.54E+01+
Br 7.62E-02 7.62E-02- 1.01E+02+ 7.62E-02- 1.02E+02±
Sb 7.85E-01 <MDL <MDL
Sn 3.06E+01 <MDL <MDL
I 8.41E-02
8.41E-02- 1.82E+00+ 8.41E-02- 1.85E+00±
Note: [1] less than the minimum detection limit (mdl=24nb)- [2] Absolute Method [3] Single-Comparator Method 
[4] Errors (1 SD) are represented as propagation of error.
3.4 Quality Assurance and Control
3.4.1 . Matrix Effects (ICIS, INAA)
Several papers have appeared on trace element contaminants in irradiated capsules 
which may have significant affects in the analysis o f lower elemental mass (in 
particularly, the filters). A large standard deviation in trace element concentration from 
the matrix of the filter will also be unacceptable if  the elements o f environmental 
interest have concentrations in the same range (in the sample) as the filter and/or
capsules. An increase in background counts, associated with matrix effects can be
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evaluated by irradiating blank capsules and filters and the results o f this analysis can be 
seen in Table 4 and 5.
Table 4: Concentration in Millipore Filters (AMA, INAA).
Elem. MDL Blank 1 Blank 2 Blank 3 Blank 4 Blank 5
(ng/g) (Pg/g ±SD) (Mg/g ±SD) (pg/g ±SD) (Vg/g±SD) (m/g±SD)
Na 1.49E+01 <MDL 2.96E+01±
1.72E+00
<MDL <MDL 1.71E+01±
2.83E+00
Mg 2.89E+00 <MDL <MDL <MDL <MDL <MDL
Al 0.48E+00 <MDL 5.34E+00±
1.48E-01
5.27E+00±
1.47E-01
3.92E+00±
0.82E-01
3.64E+00±
0.77E-01
S 4.82E+02 <MDL 9.14E+02±
1.97E+01
21.00E+02±
1.45E+01
11.20E+02±
2.07E+01
<MDL
Cl 6.15E+00 <MDL 39.30E+00± . 
2.17E+00
28.40E+00±
2.62E+00
28.90E+00±
2.94E+00
43.80E+00±
2.31E+00
K 3.73E+01 <MDL <MDL <MDL <MDL <MDL
Ca 2.32E+01 <MDL <MDL <MDL <MDL <MDL
Ti 1.06E-02 <MDL <MDL <MDL <MDL <MDL
V 0.02E-02 <MDL 0.46E-02±
2.63E-03
<MDL <MDL <MDL
Co 1.93E-01 <MDL <MDL <MDL <MDL <MDL
Mn 4.60E-01 <MDL <MDL <MDL <MDL <MDL
Cu 4.60E-01 <MDL <MDL <MDL <MDL <MDL
Br 0.08E+00 <MDL±
7.33E-03
3.74E+00±
7.91E-02
<MDL 3.49E+00±
7.33E-02
3.51E+00±
7.38E-02
Sb 1.57E-04 <MDL <MDL <MDL <MDL <MDL
Sn 3.06E+01 <MDL <MDL <MDL <MDL <MDL
I 8.41E-02 <MDL <MDL . <MDL <MDL <MDL
MDL means less than the minimum detection limit (MDL=2-(NB)\ and MDL are based on detected counts from blank 
capsule. Errors (1 SD) are represented as propagation of error.
Low amounts of Na, Al, Cl, Br, and I impurities were detected in blank filters (Table 4), 
with the exception of average (mean) elemental concentrations o f S (at 1 0 2 0  pg/g). 
Relative standard deviations o f the mean blank values o f capsules ranged from 15-21%; 
with the exception o f higher errors associated with elemental chlorine (Table 5).
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Mean elemental concentrations varied from 0.3 jag/g to 29.3 jag/g for I and Cl, 
respectively, whilst, lower concentrations of Na, Al, and Br (at 9.3, 15.3, and 2.2 jag/g, 
respectively) were detected. In quantitative analysis, the mean blank values (of the 
polyethylene capsule and/or blank filters) were subtracted from the mean elemental 
concentrations o f the samples; and atmospheric concentrations (jag/m3) or hair 
concentrations (jag/g) were derived.
Table 5: Concentration in Polyethylene Capsules (AMA, INAA).
Elements MDL
M g )
BC01
M g )
BC02
M g )
BC03
M g )
Average 
M g ± S D , lo)
Na 14.9 10.2 <MDL <MDL 3.4 ± 5.2
Mg 2.89 <MDL <MDL <MDL <MDL
Al 0.1 1580.0 <MDL 1520.0 1040.0 ±21.5
S 482. <MDL <MDL <MDL <MDL
Cl 3.0 151.0 <MDL 802.0 308.0± 2.61
K 49.7 <MDL <MDL <MDL <MDL
Ca 54.9 802.0 <MDL <MDL 267.0 ± 10.5
Ti <0.1 <MDL <MDL <MDL <MDL
V <0.1 <MDL <MDL 56.5 18.8 ±9.9
Co 0.2 <MDL <MDL <MDL <MDL
Mn 0.5 18.6 48.7 23.1 30.1 ±21.2 .
Cu <0.1 <MDL <MDL <MDL <MDL
Br 0.9 <MDL 651.0 397.0 349.0 ± 9.8
Sb 0.8 <MDL <MDL <MDL <MDL
Sn 30.6 <MDL <MDL <MDL <MDL
I <0.1 <MDL 120.0 79.6 66.4 ±15.1
MDL means less than the minimum detection limit (MDb=2-jNB) and MDL based on detected background counts. 
Errors (1 SD) are represented as propagation of error.
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3.5 PIXE Analysis of Air Particulate Filters
Air Particulate samples were analyzed, in PIXE analysis, using the 2MV Tandetron 
Accelerator Oxford Microbeam at the University o f Surrey’s Nodus Centre facilities. 
The filters were lightly carbon coated (under vacuum) and graphite tagged to dissipate 
charge built upon the surface o f the sample and increase the electrical conductivity of 
the sample. Carbon coating is also used to increase limits o f detection above high 
background interference. The 2.5 MeV proton ion beam operated at a 120 pA beam 
current with a total collection charge of 0.35 pC. A beam diameter o f 3x4 pm2, 
scanning regions o f 2.5 pm x 2.5 pm in size (over a 3 pm spatial resolution) and a 
minimum counting time o f 5 minutes were selected to cover a uniform distribution area 
in the analysis.
Depth profile analysis is performed if  the PIXE is combined with RBS Spectroscopy 
(RBS), which allows the matrix composition of the sample mass to be later determined 
through stoichiometric ratio estimates. All emitted x-rays by atom de-excitation were 
detected using a SiLi detector (315° angle to the beam; and distance o f 30 mm to the 
sample). The backscattered protons were collected on the RBS detector system 
simultaneously by feeding the output to a pulse shaping and amplifying circuitry; and 
energy spectra was stored on a computer based MCA for sample matrix content 
determination.
The RBS system also consists o f a Si surface barrier detector (of energy resolution 
18keV to 5.4MeV 241 Am) and OMDAQ software. In this system, a surface barrier 
detector of window area 50 mm was placed above the octagonal vacuum chamber 
(Oxford Microbeams Ltd) at a distance of 55mm (165° angle to the beam). A beryllium 
filter (130 pm thick) was placed on the Si(Li) detector which effectively cuts out the 
lower x-ray energies than about 1.5keV (Al, Z<13). The on-screen display of 
instantaneous beam current, accumulated charge, dead time, and data records o f PIXE 
emission lines was collated on the OM-DAQ 8  software system. On-line energy spectra 
and 2-D elemental maps were also obtained from the OM-DAQ scanning system.
3.5.1 Preparation o f Standards
QA/QC analytical procedures involved the use o f SRM, Peach Leaves (1547), Soil
(IAEA Soil-7) and Air Particulate on Filter Media (NIST/SRM 2783) in PIXE analysis.
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Air Particulate on Filter Media (NIST/SRM 2783) consist of PM2.5 air particulate matter 
deposited on a millipore polycarbonate filter membrane. The Milipore sample filters 
were firstly pressed into pellets of diameter 5mm (standardised sample), lightly carbon 
coated, and stacked (on a 3 mm thick aluminum plate) for trace elemental analysis.
3.5.2 Comparative Method, P IXE
Elemental concentrations are determined using the Dan 32 software (for windows), 
which incorporates the Guelph GUPIX Program 10. The RBS spectral-fitting of the 
Peach Leaves and Millipore filters can be seen in the spectra below:
Figure 6 A: RBS Spectral-Fitting (Peach Leaves, SRM 1547)
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Figure 6 B: RBS Spectral-Fitting (Millipore Filter)
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Spectra (1.3 Fit) were collected from SiLi spectrometry system on a computer-based MCA 
(through an Ortec EG &G ADCAM Multichannel).
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The GUPIX program is designed to convert the peak intensities (of characteristic energy 
peaks) to elemental concentration using the absolute method of calculation (as the 
program integrate data files written by the OMDAQ micro-beam data acquisition 
system). Energy peak intensities characterization of elemental content in the Peach 
Leaves RM, Soil RM and Millipore filter can be seen in the PIXE spectra below:
Figure 7A: PIXE Spectrum of Peach Leaves, SRM 1547.
Counts
2 A 6 8
Energy (keV)
50
Figure 7B: PIXE Spectrum of Soil, SRM Soil-7.
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Figure 7c: PIXE Spectrum of Millipore Filters
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In PIXE, the comparator method showed higher accuracy in the calculated 
concentration values over the absolute method. Calculated concentrations using the 
comparative method of analysis demonstrated improved correlation between real values 
and experimental values of the standard reference material (Peach Leaves, SRM-1547). 
Mn and Zn show relatively good agreement with the certified values as experimental 
values were within 20% deviation from the certified values (Table 6). Cu and Fe had 
shown higher mean ratios if 2.1 and 1.3 to the certified values. Nether the less, it may be 
said that the results obtained through the comparative method are in better agreement 
with the certified values than the calculation undertaken through the absolute method.
No correlation between real and experimental values (using the CMA) of Al, P, Cl, K 
and Ca was derived on the basis that poor accuracy was expected between derived 
experimental concentrations of these lower Z elements and the published certified 
materials. In this case, accuracy would have been influenced by the reduced collected 
counts (with repect to these elements) due to the use of beryllium filter (in lowering 
interference effects from these low Z numbers). Additionally, the accuracy of PIXE 
method can not be fully ascertained due to systematic errors associated with the surface
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analysis only, sample heterogeneity and the non-availability o f suitable reference 
materials.
3.5.3 Quality Assurance and Control
In PIXE analysis, a poor correlation between the calculated elemental concentration 
(mg/kg) and the certified values o f Peach Leaves (SRM 1547) can be was seen in Table 
6 .
Table 6: Mean Concentrations of Peach leaves (SRM 1547) against Certified Values111
Certified Values Experimental Values111 Correction Factor
(ppm ±SD(%)) (ppm ±SD(%)) R2 =0.9994; y=0.61 lx + 2.518
P 1370±70 1983+84 1337+89
K 24300+300 25267±52 16794+210
Ca 15600±200 13446±90 10781+156
Mn 98±3 121+5 82+4
Fe 218+14 279±9 188+13
Cu 3.7+0.4 8±4 5+3
Zn 17.9±0.4 33+6 23+4
Br 11* 20±10 13+7
Rb 19.7±1.2 33±20 22+14
Sr 53±4 93+30 63+21
Note: [1] Concentrations determined through Absolute Method of Analysis (AM A)
The slope o f a linear correlation between the certified and experimental values has been 
used, in some cases, to determine a correction factor in the calculation o f elemental 
concentration.
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Figure 8: Experimental (x-axis) against (NIST, Soil-7) Certified (y-axis) Values
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Linear regression analysis show good agreement between the irradiated sample (NIST 
Soil-7) and the certified values o f the elemental standard (see Figure 8 , above). The use 
of correction factors in the absolute calculation o f concentration show an improved 
accuracy in experimental values against the certified values for both reference materials; 
however, the corrected values o f elemental concentration of soils show a consistent high 
error.
3.6 Comparative Study of Minimum Detection Limits
The minimum detection limit, MDL defines a minimum amount that the element (of 
interest) must be present in the sample to contribute to a signal significantly greater than 
the background. Detection limits are used to estimate the lowest level o f activity above 
background counts, N b , underlying the energy region (or peak o f interest).
In INAA, detection limits from the counts in the full energy peak have been calculated 
as: MDL = 2«Jn  b . [22]
In PIXE, detection limits have been defined as: ,NP > f  -\[n  B [23]
where the statistical factor, / i s  used to evaluate a confidence limit ( / =  1, 2, 3 and 
3.29 at 6 8 % 95.7%, 00.7% and 99.9% respectively). In PIXE analysis, the limit of 
detection will vary according to beam energy and intensity, detector resolution,
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collected charge, element of interest, matrix and interference effects. Increasing the 
collection charge will improve detection limits. Increasing the charge will increase
analytical sensitivity as MDL&^ch arg e and MDLco^NB . Since charge is inversely
proportional to the concentration, then, MDLco——------- .
charge
Detection limits, elemental concentrations (pg/g) and absolute error ( la )  o f PMio 
roadside particles are summarised in Table 8  and 9. Higher sensitivity, with the 
exception o f Ti, was detected in INAA. Detection limits o f Mn were one magnitude 
higher; whilst V, Cu, and Br concentrations were 2-3 orders o f magnitude higher in 
PIXE analysis. Increased backscattering o f protons is most likely associated with matrix 
heterogeneity on the filters (as particulate matter is unlikely to have been homogenised 
throughout the whole filter). Additionally, the fine foldings in the pelletised filter (see 
photo plate 1 ) would have further increased sample heterogeneity, resulting in higher 
background continuum and reduced sensitivity.
The higher detection limits o f Pt and Pd compared to the sensitivity o f other elements 
may be due to low elemental mass; or backscattering o f alpha and gamma rays from the 
beryllium filter may have contributed to increased background in this higher energy 
regions of the spectrum (Reactor Centre, Rez (Private Communication)). Future work 
should investigate the use of mylar or polyethylene filters (<400 pm thickness) as an 
alternative to the use o f the beryllium filter in reducing background and interference 
effects from low Z-numbers (e.g. Na and Mg). Notably, 1.0 mm Perspex will filter out 
lower Z numbers, whilst, thicker perspex (2.5 mm) will effectively reduce interfering 
effects from 2% counts Fe (and lower Z-numbers).
3.7 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (Hitachi s3200N SEM) and a combined secondary and 
backscattered detector (Everhardt-Thornley) was used by the author to record mass 
median diameter and shape of collected particles in the PMio range. Pellitised standards 
consisting o f Si0 2  (for atomic oxygen %) Albite (for atomic Na %), MgO (for atomic 
Mg %), AI2O3 (for atomic A1 %), Silica (for atomic Si %), FeS2 (for atomic S %),
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MAD-10 Feldspar (for atomic K %), Wollastonite (for atomic Ca %), and Zn were used 
in calibration and identification o f peak energies in the Energy Dispersive X-ray (EDX) 1 
spectra.
3.8 Elemental Concentrations
3.8.1 Concentrations in Human Hair
Hair samples from an exposed (n=72) and control urban group (n=40) were submitted 
by the Department of Epidemiology, University o f Wales College o f Medicine for 
multi-elemental analysis. Elemental concentrations (pg/g) against published range for 
PMio roadside particles are summarised in Table 7, below. Control groups consisted of 
a ‘background’ or Tower exposure group’ resident in suburban areas and at approximate 
distance o f 0.75 km from Cardiff city major roadsides. Subjects with the exspoure study 
are as described in section 4.1.3.1; and exposed roads as described in section 4.1.1. The 
urban roadside exposure study (of Cardiff population) was based on healthy adults o f a 
specific sex, age, smoking habits and family health history.
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Table 7: Concentration (pg/g) Range in Human Hair
Elem MDL111 Exposed Areas121 
n=72
(Range, fig/g)
Control Areas131 
n=40
(Range, ng/g)
Published ValuesL4J
(Range fig/g)
Na 1.49E+01 1.49E+01 -2.89E+02± 1.49E+01 - 9.74E+01± 4.00E-02- 2.10E+03
Mg 2.89E+00 2.89E+00 - 6.37E+01± 2.90E+00 -  6.09E+01± 1.50E+00 - 1.04E+03
Al 6.18E-01 9.00E-01- 2.72E+02± 2.23E+00- 3.10E+02± 1.00E-01- 1.91E+02
S 4.82E+02 4.82E+02 - 3.94E+05± 4.82E+02 - 4.16E+05± 3.80E+04- 8.20E+04
Cl 7.32E+00 7.32E+00 - 1.10E+05± 1.59E+01- 7.89E+03± 9.00E+00 - 1.40E+04
K 4.97E+01 4.97E+01-6.94E+04± 4.97E+01-5.89E+02± 4.00E+00 - 1.10E+03
Ca 5.49E+01 5.49E+01 -2.03E+04± 5.09E+01-2.68E+04± 1.35E+02 - 7.60E+03
Ti 2.32E+01 2.32E+01- 2.90E+02± 2.32E+01-2.27E+02± 4.00E-02 - 3.50E+01
V 1.15E-02 <MDL-9.95E-01± <MDL - 9.89E-01± 5.00E-03 - 1.60E+02
Co 1.57E-04 <MDL-1.63E+00± <MDL - 3.65E+00± 1.00E-02 - 1.46E+01
Mn 1.98E-01 <MDL-1.63E+00± <MDL - 1.23E+01± 3.00E-02 - 5.00E+01
Cu 4.60E-01 <MDL - 6.38E+01± <MDL-7.49E+01± 3.00E-01 - 2.93E+02
Br 7.62E-02 2.39E-01 -9.71E+01± 4.48E-01-7.95E+01± 3.00E-01 - 4.90E+02
Sb 7.85E-01 <MDL-1.24E-01± <MDL -1.17E-01± 1.60E-02 - 3.80E+01
Sn 3.06E+01 <MDL- 9.83E+01± <MDL -2.81E+01± 2.00E-02 - 9.00E+01
I 8.41E-02 <MDL- 4.34E+00± <MDL- 6.70E+00± 3.00E-02 - 3.30E+01
[1]MDL=i4nb> [2] 20 m from Major Urban Roadsides; [3] 0.75 km from Major Urban Roadsides. [4]Iyengar, 
1987
A selected spectrum of essential trace elements (Br, Ca, Cu, I, Mg, Mn, S, and V) and 
environmental contaminants Co, Al, Ti, Sn were analyzed in hair using short irradiation 
(ICIS, INAA). A longer irradiation scheme would have been required to detect potential 
toxic elements, Cd, Cr and Pb (of longer half life); and if  funding had permitted, this 
analysis would have been valuable , considering the intensive clinical studies available 
on the toxicity from over-exposure from these elements [WHO 1989a, 1989b; and 
section 5.1.4]. However, the actual toxicity of Al, Ni, Mo, and Sn detected in human 
hair (along with the undetected elements: As, B, Cr, Cs, Si and Sr in this study) is
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currently being debated as it has been recently argued that these elements are 'new trace 
elements ....essential in human d iet’ [WHO/F AO/IAEA, 1996].
As a result o f short time INAA, 17 elements (with Sn, and La, below the analytical 
detections limits), were determined in samples; and these concentrations have been 
contrast against published data [Iyengar, 1987] in Table 7. The range o f elemental 
concentrations in hair fell within the published range for natural hair concentrations. A 
higher range o f values for Ti, and S (by an order o f magnitude), but comparable levels 
of Sn to the published higher range concentrations in the literature were detected from 
both exposure areas in hair samples. Concentrations o f Co, Cu, Br and I were detected 
at one order o f magnitude lower than the published higher range concentrations. Br was 
detected at one order lower whilst V, at three orders o f magnitude lower than the upper 
ranges o f published concentrations in human hair.
However, it has been reported that V is one of the loosely bound elements in hair [Bencko V, 
1991] and its removal can occur with sample washing during sample preparation. In validating 
accuracy of baseline vanadium concentrations, certified values of 0.4 pg/g (in 150g of dry 
weight) of BK against experimental concentrations can be determined. Lower elemental 
concentration in the RM would ideally allow better quality assurance of low V concentrations 
detected in the hair. For determination of trace elemental content in body fluids, where V levels 
are normally below pg/1 in non-exposed persons, a detection limit of < 1 0  pg/ml is required 
using ICP-MS or radiochemical NAA (RNAA). The relatively low mass of hair sample (12.8 
mg- 145.5 mg) had resulted in low detected activity (cps); and consequently, lower counts and 
higher detection limits (above background) of several of the elements of interest (e.g. V, Mn, Br 
and Sb).
3.8.2 Concentrations in the PMio Range.
Detection limits, elemental concentrations (pg/g) and absolute error ( la )  o f PMio 
roadside roadside particles (n= 20) are summarised in Table 8  and 9. Trace levels from 
several o f the elements (Al, Ti, V, Mn, Co, Mg, Cu, Br, Sb and Sn), were detected 
below 0 . 0 2  pg/m ; and were generally, at higher concentrations in areas o f closer 
proximity to the major roads; with the exception of Sb which had shown concentrations 
in lower exposure areas, one magnitude lower at the upper range.
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Table 8 : Concentration in PMio Range (ICIS, INAA and GeLi Spectrometry).
Element MDL[11 Exposed Areas 121
n=12 
(Range, gg/g)
Control Areas[5]
n=8 
(Range, gg/g)
S 4.82E+02 8.40E+04 - 1.80E+07± 6.5E+03-1.3E+06±
Ti
1.06E-02
2.30E+01 - 3.10E+02± 2.30E+01 - 3.60E+02±
V
1.57E-04
<MDL - 1.08E+02± 1.45E+00 - 5.59E+01±
Mn 1.93E-01 3.50E+00 - 1.80E+02± 5.33E+00 - 5.97E+02±
Co 1.57E-04 <MDL - 4.76E+00 <MDL - 4.62E+00
Cu 4.60E-01 5.75E+01 - 1.27E+03± 1.29E+01 - 5.97E+02±
Br 7.62E-02 3.31E+01 -3.53E+02± 8.28E+00 - 8.90E+00±
Sb 1.57E-04 <MDL - 1.15E+00± <MDL - 3.63E+01
Sn 3.06E+01 <MDL - 4.23E+02± 1.07E+01 -7.94E+02±
I 8.41E-02 1.21E+01 - 7.28E+01± 3.85E+00 - 1.05E+02±
Note: [1 ]= M D L = 2-J n b -[2\ 20 m from Major Urban Roadsides; [3] 0.75 km from Major Urban Roadsides.
Recent work by Freitas et al, 2003 had shown that the two techniques, compare better in 
the fine fraction (EAD < 2.5 pm) than in the coarse fraction (2.5 pm <FAD < 1 0  pm), 
with the exception of comparably higher values in the fine fraction. SEM photos of 
particulates from the study will show distinct differences in the density o f coarse 
fraction in sampled control areas (Photo 6 ), in contrast to exposed areas (Photo 2-5).
The heavy metals o f particular interest from vehicular pollution are V, Cr, Ni, Cu, Zn, 
Cd, and the halogen element, Br; whereas, Sb and Sn are general, marker metals for 
industrial pollution. Additionally, Pt and Pd, Zn, Fe, Mo, and Cr were detected in air 
particulate samples using PIXE analysis. The precision in irradiated PMio filters ranged 
from 1.6 and 8 .6 % for Na, Al, Cl, V, Mn, Br; whilst higher errors (<32%) were 
associated with Mg, jSi, S, K, Ca, Ti, Cu and Sn, possibly due to the high Compton 
background in the activation o f 23Na(n,y)24Na, 27Al(n,y)28Al, 37Cl(n,y)38Cl,
55Mn(n,y)56Mn and 81Br(n,y) 82Br.
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In PIXE analysis, Fe, and Cu were detected with higher precision (< 9.9%, and 18.2%, 
respectively); whilst, concentrations of Co, Cr, Pd, and Ti were detected with the higher 
error; although, in most cases, these elements were detected within the lower range o f 
relative error (see Table 9).
Table 9: Concentration in PM10 Range (PIXE, and SiLi Spectrometry)
Elem. MDL111 Shell Exposed Areas[2] 
n=12 
(Range, gg/g)
Control Areas11
n=8 
(Range, fig/g)
Ti 2.40E+01 K1 <MDL - 4.43E+01± <MDL-4.30E+01±
Cr 9.33E+00 K1 <MDL - 2.03E+01± <MDL -3.97E+01±
Mn 9.90E+00 K1 <MDL -4.10E+01± <MDL-2.16E+01 ±
Fe 1.34E+01 K1 6.78E+01 - 1.46E+03± <MDL -5.31E+02±
V 2.23E+01 K1 <MDL± 1.08E+02 4.69E+01-8.69E+01± .
Co 5.86E+01 K1 <MDL - 1.05E+01± <MDL -1.09E+02±
Ni 1.89E+01 K1 <MDL <MDL -4.90E+01±
Cu 1.82E+01 K1 <MDL - 1.34E+02± <MDL -7.95E+01±
Zn 2.16E+01 K1 <MDL-2.16E+02± <MDL-2.59E+02±
Mo 3.51E+02 K1 <MDL . 6.87E+02 -4.49E+03±
Br 1.67E+01 K1 <MDL 3.13 E+01 -4.49E+01 ±
Pt 8.08E+02 MAI <MDL - 1.53E+03± <MDL -2.66E+03±
Pb 6.7E+01 LAI <MDL <MDL -9.59E+01±
Pd 3.25E+02 LAI 3.53E+02 - 8.49E+02± <MDL -6.09E+02±
Note: [1]=MDL=2-Jnb-[2]20 m from Major Urban Roadsides; [3]0.75 km from Major Urban Roadsides.
In comparative analysis, lower elemental concentrations (of one order o f magnitude) for 
Ti, V, Mn, and Cu (with similar V concentrations) in exposed areas were detected from 
both M AA and PIXE methods o f detection. Although, higher INAA values over PIXE 
were expected as the latter of the two techniques is based on surface analysis; whilst 
INAA analyses the total sample volume.
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4 INTERPRETATIVE RESEARCH
4.1 Selection Design
In the work of Au-Yeung’, 2006, higher PM 5 concentrations were recorded at Major, A 
and B roadsides in Central Cardiff in contrast to minor roadside locations (i.e 0.5 km 
distance from Major roads). In the collaborative study between Cardiff University and 
UniS (2005), PMio roadside samples were collected (over the 24-hour mean) in an 
urban health exposure study. In order to compare the risk exposure estimates arrived by 
either academic group, Au-Yeung’s PM5 roadside data and assumptions (based on 50% 
higher PM5 roadside levels in exposed areas) were used to define group exposure. Low 
exposure roadside locations in the study consisted o f : M S Ely, Marshfield, CF23, and 
St. Gilda’s Road; whilst, Pendwalt Road, Cathedral Rd, Cowbridge West, Cowbridge 
East, Richmond Road, Western Ave, Manor Way, Pencisely Road, Everswell Road, and 
Park Road were monitored for higher exposure.
In the statistical analysis by Au-Yeung 2006, exposure groups in the selection design 
were described as either ‘exposed’ or ‘control’ groups. Control groups within low 
exposure areas were reflective o f sub-urban population exposure for populations 
resident off minor roads or cul-de-sac with low traffic volume. In this interpretative 
assessment o f the study, the ‘control group’ is used to assess background exposure. 
Rather than assuming that the ‘control group’ is an unexposed human population, there 
is the understanding that this urban population groups, to some degree, will be exposed 
to vehicular roadside emissions.
4.1.1 Mean PM5Indoor/Outdoor Concentrations.
Indoor monitoring o f respirable PM5 particulate levels were collected using a Quartz 
Crystal Microbalance (QCM) Mass Monitor (of a 20 minute running time) with a cut­
off size o f 5 pm; and a High Volume (JD Technical) Air Sampler (30L/min over 24 
hour running time) with cut-off size of 5 pm were used for outdoor PM 5 monitoring at 
roadside locations [Au-Yeung, 2006] PM5 roadside concentrations o f intra-group 
exposure were used to define exposed (mean, 17.5pg/m3) and control (mean,
-3 #
11.8pg/m) areas; and in both cases, illustrated high statistical significance (t(372),
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p<0.01, t-Test)[Au-Yeung, 2006] The differences in median concentrations were also 
compared which showed highly significant differences (z=-8.45, p<0.01, Mann Whitney 
testing)[4]. PM 5 concentrations from roadside measurements (n=102) in control areas 
(i.e. 0.5km from the main roads) had supported the Ho hypothesis (i.e. similar mean PM5 
in all low exposure areas) with deviation due to chance (p=0.79, ANOVA) [Au-Yeung, 
2006]. Inter-group differences in the median o f outdoor (2.3 pg/m3) and indoor (3.8 
pg/m ) concentrations of both exposure groups was also analysed using non-parametnc 
testing; which had shown statistically significant results (p<0.01, Mann Whitney) and a 
weak, but statistically linear, correlation (r=0.36, Pearson Correlation) between both 
groups [Au-Yeung, 2006].
The Au-Yeung thesis has documented that outdoor measurements were monitored at 2 
m roadside distances from local traffic (outside resident premises); and indoor dust and 
PM5 particulate levels were collected (over 6 -month period) from front facing rooms to 
the roadside. The use o f domestic operating systems (such as electrical heaters) which 
would have interfered with particle deposition was not used in rooms at the time of 
sampling [Au-Yeung, 2006]
Personal exposure levels of individuals are often higher in the literature than indoor and 
outdoor concentrations. Relevant studies, however, suggest that indoor concentration 
measurements are a more reliable predictor o f personal exposure than outdoor 
concentrations [EPAQS, 2001; Thatcher, 1995]; and that differences between indoor 
and outdoor concentrations will be greater for large particles (10 - 2.5 pm) than for 
smaller particles (< 2.5 pm) due to the deposition, re-suspension and re-circulation of 
coarser particles on surfaces within buildings [EPAQS, 2001]. In this view, it can be 
debated that personal exposure to the respirable fraction o f finer particulates may 
actually be lower indoors; although, the toxicity of particles derived from different 
indoor sources (e.g. re-entrained particles during cooking, cleaning) may contribute to a 
personal ‘particulate pollutant cloud’ to which individuals are exposed have yet to be 
researched.
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4.1.2 Multiple and Fixed Central Roadside Sampling Locations
Short-range transport-related aerosol monitoring ideally requires roadside sampling at 
different locations rather than fixed central site locations. In the study design, 
monitoring involved central and multiple roadside location sampling in both exposure 
areas. Multiple roadside monitoring included sampling locations on the busy A4161 
(Cowbridge Road) with the intersecting A4119 (Cathedral Road) and sampling along 
the minor roads, Marshfield Road and Michaelston Super Ely in the low exposure areas. 
However, exposure to pedestrians from roadside emission particulates is likely to 
exhibit substantial spatial variability in concentrations within urban areas.
4.1.3 Randomization in the Selection Criteria
Generally, the patient population studied should represent the target population, 
including healthy and affected patients. As stated in the publication by Bailey, 2005, ‘if  
diagnostic accuracy measures in the subjects excluded from the study were likely to be 
different from those retained in the study, then the results o f the study would be 
considered to be influenced by selective bias’.
4.1.3.1 Target Population
The selection criteria o f participants in the study will have shown weak randomization 
as it was biased towards healthy, non-smoking, 50-70 years, adult males. Health status 
of the individual was determined solely on whether or not individuals had a family 
history of Chronic obstructive pulmonary disease (COPD) or cardiovascular disease; 
and integrated personal exposure was controlled by selecting individuals who resided in 
smoke-free homes and held occupations that had limited exposure to sources of 
chemicals/particulates. The screening-out process o f ‘healthy’ individuals will not have 
excluded individuals with allergies or those genetic predisposed to disease as unhealthy. 
Potential exposure effects to the more vulnerable members o f the general population i.e. 
children, smokers, diseased, aged members were also excluded in the selection criteria. 
Although, assumingly subjects within the 50-70 age bracket will have consisted o f some 
individuals in the more advanced years. The study will provide valuable background 
data on groups of healthy individuals o f the general urban population, in supporting 
further studies o f vulnerable members o f the adult population.
4.13.2  Exposure/Control Areas
Typical ambient concentrations o f urban roadsides were determined from random P M 5  
measurements across the Cardiff area. Targeted exposure/control areas were based on 
(all-year round) records o f P M 5  measurements taken at least 10 samples/day and at 
random times of the day[Au-Yeung, 2006]. Targeted residential receptors and roadside 
selection was primarily driven by roadside P M 5  concentrations and traffic flow density 
within the city and suburb areas. Available traffic flow data (from the local council) was 
limited; thus, reliance on long term local knowledge of traffic congestion, in particularly 
in control areas was required in the study. Control areas were located in secluded 
residential areas or in cul de sacs outise city centre. Thus, a certain amount of 
speculative interpretation regarding proximity to control speed zones, commuter rail 
links or tunnels occur in the study. It can be assumed that street geometry and 
temporal/spatial variation in traffic flow through congested zones will create a 
disproportionate concentration o f mobile emission sources in the city.
Notably, several o f the busiest bus routes pass through the intersection between A4161 
and the A4119; and Cardiff Central Rail line and the main bus depot are located in the 
central city area, predominately upwind o f the high exposure sampling locations (see 
figure 9). Also, Everswell Rd, Western Avenue and Pencisely Avenue are located at
f
close proximity to the A48, which is a major link road and principal truck route for the 
delivery goods in and out o f Cardiff. Traffic volumes are low on MS Ely, Marshfield, 
CF23, and St. Gilda’s Road, yet, these areas may show peaks in traffic flow on bus and 
travel routes during travel to/from local schools and residential housing areas.
4.2 Critique on Collection of PMio Range
PMio is an international standard measure o f air particulate pollution. Mean PMio 
roadside concentrations at urban roadside locations (in the study) were used to evaluate 
whether particulate concentrations in the city would exceed the regulatory emission 
standard, 24-hour mean; and furthermore, to correlate size distribution and elemental 
content in the PMi0 range to vehicular roadside emissions. In this study, PMio roadside
‘i t
(mean) values o f 1568 pg/m have significantly exceeded the national regulatory
standards, 24-hour mean of 40 pg/m in the size distribution o f PMio; predominantly
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due to intermixing effects from background sites and high amounts o f re-suspended 
coarse fraction associated with minerals and sea spray salts. Trace level concentrations, 
< 0 .0 2 pg/m detected in PMio collected mass were similar to the urban roadsides 
concentrations in Glasgow {National Multi-Element Survey); with exception o f Co and 
Sb, which was three magnitudes higher, at background levels.
PMio measurement involves the use o f a sampling inlet which will sample both the 
nucleated and accumulated mode (with a proportion of the coarse particle mode). 
Although, the 10 pm cut-off between the fine and coarse particles is in compliance with 
the regulatory standards, it will not provide an optimal separation and measurement of 
the respirable ultra-fine particle modes. Thus, one may argue that an increase in 
understanding o f clinically-related health population exposure can not be effectively 
monitored through the mass based PMi0 measurements. There is the understanding that 
any changes to the current mass based emission standard to include size or number 
concentrations will result in significant sampling and measurement challenges. On the 
basis that particle number tends not to be conserved during dilution and sampling 
processes, which in turn will increase particle size through coagulation and nucleation.
4.3 Sample Collection Methodology
Fine particles are usually defined by the standard sampling systems in which the 
sampling probability falls to 50% of the designated aerodynamic diameter (da). The da is 
based on the measure o f the diameter of a carbon sphere o f the standard particle density 
(1000 kg/m ). Consequently, samplers are fitted with inlets that incorporate an effective 
cut-off diameter (ECD), at a collection efficiency o f 50%.
4.3.1 Instrument Efficiency in PMioRoadside Collection
PMio particulate samples were collected and recorded by Cardiff University, on 
polycarbonate, Millipore filters (47mm in diameter) on the advice o f the UniS group 
using a high volume (mean, 22L/min) air sampler (JD Technical UK), attached to a 
PMio selective inlet head (C30 Classifier). Filters were pre- and post-weighed after 
24hour temperature and humidity equilibration in the laboratories o f the Department o f 
Epidemiology, Cardiff University. PM i0 data were expressed in jag/g and pg/m3.
65
Sampling o f a representative size fraction can only be achieved accurately if  the airflow 
rate of the sampler is constant during instrument operation.' An air sampler o f high flow 
rate capacity (i.e 30L/min) was used in the study to ensure high efficiency in particle 
size separation; however, significant variation in the optimum flow rate o f the sampler 
had been recorded (standard deviations o f 6 - 8  L/min). Correction factors can be used to 
determine instrumental detection limits of particulate loading, pg/m3 with flow rate 
from collected field blanks, however, field blanks were not submitted for analysis. Flow 
rates can be checked by the use o f pre-calibarted rotameters before and after sampling 
and after each air sampling event.
The calibration o f the instrument is undertaken prior to sampling in order to determine 
collection efficiency and validate the manufacturer’s ECD specifications. Shortcomings 
in the sampling procedure may have introduced some error due to inadequate 
instrumental calibration and operation. Calibration o f a sampler using aerosols o f known 
diameter will allow for an estimate o f percentage particle loss associated with re- 
entrainment (i.e. wall-losses of some material as it adsorbs onto the sampler interior 
rather than the collecting surfaces). Correction factors, such as Cunningham Slip 
Correction Factor (CSCF), can estimate the percentage o f error associated in the 
estimation o f particulate diameter; whilst, the Reynolds number, R, [Kittelson 1998] can 
be used to characterise particle deposition on the basis of the airflow rate (m /s) through 
the orifice to ensure that the flow rate remains streamlined (R<2100)
4,3.2 Filter Efficiency in PMio Roadside Collection
Physical properties o f various filters have also been thoroughly researched and 
evaluated in various publications [Dams, 1972; Hasan 1972; Salma I, 1999; Spyrou,
i
1976]. The principal factors that will determine filter choice are mainly based on 
collection efficiency (as a function o f pressure drop across the filter) and the flow rate 
reduction during sampling (due to dust loading on the filter). Factors of secondary 
importance, include tensile strength, thickness, weight, hygroscopicity, and impurity 
levels. Impurity levels become an important consideration in multi-elemental analysis 
on the basis that matrix effects from blanks can raise (by an order o f magnitude) 
analytical detection limits. Physical properties o f the various air particulate filters are 
summarised in Table 10.
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In this study, high flow resistance o f the polycarbonate millipore filter may have been a 
contributing factor in the variation o f air sampling velocity (and particulate loadings) at 
the sampling roadside locations. Although, millipore filters have been reported to 
having the advantage o f high rententivities, even for small particles and at all flow rates' 
It is known that these filters can become susceptible to electrostatic charge induction 
and high flow resistance which will significantly raise minimum sampling time.
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4.3.3 Time-point Efficiency in PMio Roadside Collection
In the summer o f 2005, high flow sampling o f PM i0 particulate samples were collected 
over 24 hours on Millipore filters in the Cardiff area. It can be argued that highest 
exposure effects would have been most appropriately measured at roadside locations at 
specific times o f the 24 hour cycle when potential breeze effects had disappeared. 
However, reduced sampling mean time would have resulted in lower mass 
concentrations (pg/m3) on collected filters, consequently, increasing the analytical 
detection limits in the trace elemental analysis. Seasonal effects and day-time 
temperatures is essential in assessing the variance in pollutant concentrations, in 
particular, the temperature effects o f vapour partitioning processes o f organic 
pollutants.
4.3.4 Transferability of Results
An import criterion in the evaluation on results obtained from experimental testing is on 
the transferability of results. There were some limitations in the interpretation of field 
sampling results in this study by the UniS, due to unreported field data (such as 
climatic, and meteorological data) in the Au-Yeung report. However, it would appear 
that the location o f high exposure areas is predominantly, downwind o f Cardiff Bay, 
based on meteorological reports o f SW and SE regional inland wind direction. It also 
appears that control areas such as Marshfield Road (east of the city) is predominantly 
upwind o f the city centre (and Major roads); and downwind o f Newport and the north­
easterly headland wind direction. A general assessment has been made o f land and sea 
breeze effects (associated with summer high record temperatures in 2005) on pollutant 
exposure. Records on traffic flow data, sampling times, exact sampling locations, street 
configuration and climatic data (such as ambient temperature and cloud cover) were not 
provided by the Department of Epidemiology, University of Wales College o f 
Medicine.
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Whatman (Cellulose) Filters:
• Low levels of impurities and high homogeneity (due to thinness of filter); thus high precision/sensitivity 
and low interference effects in multi-elemental analysis;
• high collection velocity and rapid increase in collection efficiency over time (>74%) and good packing 
efficiency (5-6 fold over Polystyrene); thus, suitable for long-term 24 hr regulatory monitoring;
• low retentively of small particles; therefore, inadequate for total particulate determination (in particular,
EAD < 2.5 pm collection); --
• high dust loadings (in particular, Whatman-41 filters); thus, not suitable to short-term exposure sampling, 
due to effect of coarse fraction on mass determination;
• high tensile strength but high hygroscopic properties; humidity equilibration (prior use), thus, 
complicated handling in routine sampling.
Polystyrene (Fibrous) Filters:
• low levels of impurities, however some filters have high amounts of Ba, Br, Cl, Cu and Zn; potential 
interference/sensitivity effects from in trace elemental sampling;
• high flow rates, high retentivity of fine fraction (95% efficiency) but tendency for loss of edge material 
from filter surface; thus, improved collection efficiency but unsuitable in total particulate determination; 
and infrequent tendency to clogging, even at low sample velocity; thus, suitable for high volume velocity 
sampling;
• low levels of impurities, however some filters have high amounts of Ba, .Br, Cl, Cu and Zn; significant
interference/sensitivity and dead time effects from in trace elemental sampling; *
• high accuracy in elemental accuracy (la ) in comparative analysis (between W-41 and Polystyrene) thus, 
high accuracy in elemental analysis;
• Fragile, material loss from filter (in removal from sampler), but low hygroscopic properties; delicate man­
handling required in routine sampling.
Millipore/Nucleopore (membrane) Filters:
• Extremely high retentivity at all flow rates (and filter pore size), even for small particulate fraction; thus, 
high collection efficiency;
• high flow resistance; resulting in increased sampling time (by factor of two- three times) required; with 
small tendency towards clogging; but not sufficient to create sampling problems;
• High levels of impurities associated with Cr, Cu, Na; potential interference/sensitivity from blanks;
• Brittle behavior (in irradiation) and electrostatic charge induction.
Table 10: Summary of Physical Properties of Air Particulate Filters
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4.4 AMBIENT CONCENTRATIONS AND EXPOSURE
4.4.1 Urban Roadside Mass Loadings and Elemental Concentrations
Particles o f an aerodynamic diameter between 10 -  0.01 jam are considered atmospheric 
aerosols; and number distribution peaks at 1 2  nm with a total number density o f
■3
100,000 particles per cm . Particles in this size range are within the nucleation (<0.1 pm) 
or ultrafine mode [Larsen 1992]. The longest residence time o f particles in the 
atmosphere is associated with accumulated mode (of 1 0 -  0 .1 pm diameter range) and 
fallout will typically occur after a period o f one week; whilst, residence time for finer 
particulates o f 0.01pm can occur within 15 minutes [Spyrou, 1976]. As the main 
mechanism for the removal o f the nanoparticulates (Dp<50nm) is coagulation, these 
particles remain in the atmosphere for essentially the same time as the larger, 
accumulation mode particles. In fact, the sedimentation rate o f particles o f da 0.1, 1.0 
and 10 pm is 8.71 x 10'7, 3.49 x 10'5 and 3.03 x 10'3, respectively [Larsen 1992]. A 
review on some of the various studies on particle re-suspension or re-entrainment is 
summarized, along with the shortcomings, in a publication by Nicholson, 1998. ‘Review  
o f  Particles Re-suspension ’
4.4.1 .1 TSP Con centrations in PMio Range
Total Suspended Particulate (TSP) collected on filters from roadside exposure is 
presented in Table 12. A ratio between mean mass loadings on air particulate filters 
collected from exposed and ‘control’ areas have been derived by the author in Table 11.
Roadside monitoring over 24 hrs had reported PMio mean values o f 1568 pg/m3, seven 
times higher, in high exposure areas; predominantly due to high amounts o f mineral 
loadings. Higher mean mass loadings o f inorganic mineral’s from sea-spray (Na, S, Cl, 
Ca and K) and alumino-silicates in soil dust (Al, Si) were also collected in higher 
exposure areas, downwind of Cardiff Bay. Mean mass loadings o f trace metals Mg, Ti, 
Mn, Cu, and Br, were detected at similar ratios in both exposure areas. TSP 
concentrations of Sb and Co had shown significantly higher values in lower exposure 
areas, although areas such as Marshfield Road (east o f the city) is predominantly 
downwind o f Newport.
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Table 11: Exposed/Control Ratios of Mean Mass Elemental Loadings (pg/m3)
Element Mean Mass in Exposed Areas111
(20 m -Major Roads)
Mean Mass in Control Areas121
(0.5 km- Major Roads)
Ratio
Na 4.08E-01 1.86E-01 2.2
Mg 1.30E-02 1.32E-02 1.0
Al 4.28E-02 3.88E-02 1.1
Cl 1.56E+04 2.03E+03 7.7
s 5.43E+01 1.08E+01 5.0
Si 3.53E-01 1.00E-01 3.5
K 7.53E-02 0.00E+00 0
Ca 6.11E-03 4.60E-03 1.3
Ti 7.89E-03 4.71E-03 1.7
V 7.41E-04 7.67E-04 9.7
Co 7.71E-06 1.91E-03 0.004
Mn 3.53E-03 2.63E-03 1.3
Cu 1.24E-02 7.40E-03 1.7
Br 5.77E-03 3.72E-03 1.6
Sb 5.05E-06 2.78E-03 ■ 0.002
Sn 4.10E-03 7.18E-03 0.6
I 4.08E-01 2.16E-03 189.0
Note: [1] 20m from Major Raodsides; [2] Background Exposure at 0.75 m from Major Roadsides
4.4.2 Mass Median Diameter and Shape
Scanning Electron Microscopy (.Hitachi s3200N SEM) and a combined secondary and 
backscattered detector (Everhardt-Thornley) was used by to examine mass median 
diameter and shape of collected particles in the PMio range. The majority o f inhaled 
particles in ambient air tend to be spherical in shape [Nicholson, 1998). In this study, 
increased spherical shape was seen in the finer fraction o f PMio range. In Photo 2, sub­
rounded finer fractions (< 2.0 pm) increased angularity o f the coarser fraction o f 
collected PM can be seen. Studies have also identified that roadside particulates will be 
mainly bimodal and of similar morphology to those collected in the tailpipe o f a modem 
diesel engine vehicle [Lioy et al, 1990; Debertin andHelmer, 1988].
Model calculations undertaken by Shi et al 1999, have shown that variation in particle
size distribution between roadside and background sites occur as a result o f intermixing
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of different size particle mode of roadside and background air. In this study, exposed 
areas are predominantly, downwind of Cardiff Bay; and intermixing effects from 
upwind background sites may have resulted in the presence of coarse mineral fraction 
on filters at major road-side exposure areas. Although, high Particulate Number (PN) 
would appear to illustrate a good correlation between effective engine combustion and 
particulate vehicular emissions at roadside locations; reduced PMio coarse fraction and 
elemental carbon from major roadsides emissions may have also occurred due to 
downwind dilution.
Photo 2: SEM Photo of Shape of Particulates in PM i0 Range (Urban Major Roadsides, 
Cardiff City).
10 |jm
3k, 5kv (x'5000 Magnification)
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The fraction of the number of particles in the idealized urban aerosol shows a number 
distribution peak at 13 nm (within the nucleated mode) with a total number density of 
approximately 100,000/cm [EPAQS]. In this study, the mass diameter range (• 10 nm 
-  3 jiim), determined from carbon coated filters had shown that the majority of 
collected particulates from exposed roadside locations rounded were in the finer 
fraction (< 0 .2 5  /im) and nanoparticulate range (Photo-3).
Photo 3: SEM Photo o f PM 2.5 fractions in the PM i0 Range (Urban Major Roadside, Cardiff 
City)
30(jm
3k, 5kv (x 3000 Magnification)
In a qualitative assessment of filters beneath the SEM microscope and consistent with
published literature, it was observed that total particle number (PN) concentrations were
also generally higher (-90%, in this case) at major roadside locations Additionally, it
was oberserved that there was a general negative correlation between the PMio and the
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ultrafine mass size fraction on filters; in particular, at Pendwalt Rd, Cathedral Road and 
Park Road roadside sampling locations (and 20m distance from major A, B roads in 
Cardiff).
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Photo 4: SEM Photo of Mass Diameter Range (Urban Major Roadsides, Cardiff City).
10pm
3k, 5kv (Zoom In View of Photo 3)
Analysis of filters have generally shown that higher PN concentration appear to being 
strongly correlated with vehicle traffic, and collected filters from high exposure 
locations had shown relatively lower total mass loadings, as expected, as the ultrafine 
content will contribute very little to the total mass concentration. The finer fractions 
(<2.5pm) may be representative of diesel, accumulation mode, particles which are 
formed by nucleation (< 0.05 pm) during dilution and cooling o f the exhaust (see photo 
plate, above).
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Photo 5: SEM Photo of PMi0 fraction (Urban Major Roadside, Cardiff City)
20|jm
3k, 5kv (x 3500 Magnification)
In theory, the surface area and chemical toxicity of the diesel particle is more likely a 
function of size of the individual nuclei (in the agglomerate) rather than the 
agglomerate size itself. Thus, it can be assumed that particle surface area (per unit 
mass) will increase with decreasing particle size; and according to clinical evidence, 
individual exposure to the number of particles is generally more critical to health than 
the particle mass.
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Photo 6: SEM Photo of PM2.s fractions in the PM10 Range {Control Areas, Cardiff Suburbs}
10|jm
3k, 5kv (x 4000 Magnification)
SEM photos had shown that PMio measurements included high amounts o f coarse 
suspended fraction from windblown sea-spray, organic matter or soil minerals (Photo 5, 
above). Spectral analysis o f coarse particles from control sites had shown high mineral 
loading in the coarse fraction (see figure 10), below. The spectrum is representative of 
elemental content in the 5pm particles, in Photo 4; and consisted of the elements, O, Na, 
Mg, Al, Si, S, K, Ca and Zn of weight percentages, 59.7%, 8.2%, 0.6%, 2.5%, 22.6%, 
0.7% and 1.4%. Spectra processing using these standards was undertaken to identify 
whether the coarse PM fractions in exposed areas consisted of similar elemental content 
to background sites. Similar spectra were identified from collected coarse fraction in the 
exposed areas.
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Counts
Spectrum 2
L(3 chai a cteristic x-rays
Energy spectrum of Xa X-Rays with overlap of Na and Zn 
characteristic x-ray peaks
Na
Ca
Ca
Full Scale 2369 cts Cursor: 1.794 keV (976 cts) keV
Notes: ED AX = Energy Dispersive X-rays;
4,4.3 Enrichment Factor (EF) Calculations
The concept o f normalizing elemental concentrations to an average total crust value is 
of questionable merit due to the variable composition of the earths crust (in any one 
area) compared to global averages. Thus, an attempt to correlate trace metal 
concentrations to local soil and geology will be made in this review. However, the 
effect o f natural dissolution /fractionation o f elements in ambient air during 
biogeochemical, weathering and air dispersion processes is unascertained. Whilst the 
use of concentrations in the comparative EF ratio calculation will involve differential 
solubility o f minerals in chemical digestion in analytical procedures; uncertainties
78
associated with sample loss can be avoided using INAA techniques. INAA avoids the
f
necessity o f sample dissolution and wet chemical digestion methods that can result in 
cross-contamination and sample loss (e.g. ion exchange on glass and plastic 
pipettes/containers).
Using the mean aerosol elemental concentrations, the E.F’s were calculated relative to 
background concentrations using the crustal element, K. This element was used as a 
reference (normalizing) element since it is not a metal typically emitted in fuel 
emissions. The EF is defined as Cx/Cn (dust) divided by Cx/Cn (crust), where Cx is the 
concentrations element X in the dust (or crustal rock); and Cn is the concentration o f the 
normalizing element in dust (or crust). Values greater than 2 are considered high' Thus, 
Na and V are highly enriched relative to the earth crust (in this case, seaspray and 
natural clays, respectively) in both exposure areas; whilst EF values for Br (< 1.0E-07 
pg/g) are significantly low, supporting the use o f Br as an indicator metal o f locally 
generated vehicular roadside pollutant.
Table 12: Cardiff PM10 Roadside Enrichment Concentrations
Elem. Crust
(g/kg)
World Soils111 
(Non-Polluted) 
0*g/g)
Elemental Mean
121(Range) in Exposed Areas 
0*g/g)-
Elemental Mean (Range
131in Control Areas
G*gte)-
EF Values 
Exposed121 
(ng/g)-
EF Values 
Control131
(ng/g)-
Na 23.6
1.1E+01 13.0E+03 
(5.1E+02- 4.1E+04) '
5.2E+03 
(1.5E+03 -2.1 E+04) 4.76E+00 1.92E+00
Mg 23.3 8.3E+03 3.3E+02 (8.8E+01 -7.7E+02)
1.8E+02 
(1.6E+01 -4.7E+02) 1.23E-01 6.80E-02
A1 82.3 6.6E+04 9.4E+02 (2.2E+02 -1.8E+03)
9.1 E+02 
(1.1 E+02-1.8E+03) 9.95E-02 9.67E-02
Si - - 43.0E+07(1.6E+02-1.3E+09)
4.2E+07
(1.6E+02-2.6E+08) - -
S - - 19.0E+05 (8.4E+04-1. 8E+07)
2.2E+05
(6.5E+03-1.3E+06) - -
Cl - - 9.6E+03(1.2E+03-2.1E+04)
2.8E+03 
(6.2E+00-1.0E+04) - -
K 20.9 1.8E+04 240.0E+01 (4.9E+01 -1. 3E+04)
4.9E+01
(4.9E+01) 1.00E+00 2.07E-02
Ca 41.5 1.9E+04 1.2E+02(3.7E+01-8.9E+02)
6.2E+02 
(3.7E+01-2.1 E+02) 2.73E-02 1.31E-02
Ti 5.7 5.1E+03 2.7E+02 (2.3 E+01-3.1 E+02)
1.3E+02 
(2.3 E+01 -3.6E+02) 4.13E-01 1.99E-01
V 0.1
1.0E+00 1.1 E+02 
(1.6E-04-11.0E+01)
2.3E+01
(1.5E+00-5.6E+01) 1.92E+00 1.99E+00
B r 0.002 4.3E+03 .160E+00 (3.3 E+01 -3. 5E+02)
8.6E+00 
(0.83 E+01-0.09E+02) 1.38E-07 1.91E-07
Note: [1] Bowen, 1979. [2] 20m from Major Raodsides; [3]Background Exposure at 0.75 m from Major Roadsides
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y A comparison of the results obtained with literature data suggests that mean elemental 
concentration in the Cardiff area, with the exception o f V enrichment, typically lie 
within the range o f non-polluted soils. In Table 12, the comparative study can be seen 
between PMio Cardiff Urban Roadside Concentrations and Published Data on Elemental 
Mass Fractions in the Earth’s Crust, World Soils [Bowen, 1979] and Normalized EF 
Values.
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4.4.3A Enrichment from Local Soil and Geology
The Severn mudflats have been reported to consist predominately of sandy clay (i.e. 
35% clay, <5% organic matter and 10% sand) at lm  elevation above the morphological 
bench-edge o f the channel profile [www severnestuaiy net]. j j eaVy metal enrichment will depend 
on particle size, which, in this case is associated with the silicates, oxides and 
hydroxides o f Al, Si, V, and Fe o f the alluvial fine grained deposits. Mineral enrichment 
from the underlying alluvial deposits or the exposed mudflat areas o f the Severn is 
clearly a contributing factor in the high ambient V concentrations. In fact, V content in 
soils will range from 3 - 3 1 0  mg/kg, with highest concentration found in shales and 
clays [French 1993]. In this study, V concentration have shown an approximate 1:1 
ratio in both exposure areas (0.74 -  0.77 ng/m3), and lie below the lower typical range 
of V concentration o f urban ambient air (0.25 - 300 ng/m3) [Foster, 1991]. The 
enrichment o f Fe, mean concentration o f 741.3 pg/g at major roadsides either represent 
the coarse fractions from vehicle wear and tear, exhaust emissions or may be directly 
associated with iron content o f leached, windblown soils (and dust).
The local geology of the Cardiff area consists of Lias Oolite Combrash Limestone and 
the Upper Trias Rheatic Beds underlain by Carboniferous and Devonian limestone. 
Limestone have been reported to contribute an atmospheric input o f trace metals, Pb and 
Cd in the range o f 10 - 30 ppm and 0.05 - 0.20 ppm, respectively [Foster, 1991]. 
However, it is assumed that previous coal mining activities in the area will have lead to 
high sediment enrichment o f Pb, contributing to long term source o f metal enrichment 
in urban ambient air. Generally, metal content will decrease with soils degradation, 
whilst, this trend is not typical for Pb due to its high affinity to organic matter [Foster, 
1991]. Mining interference factors (MIF’s = Total tonnage mined annually/total tonnage 
in the upper 2 km of crust x 100%) in the EF calculations have been assessed in a study 
by Reinmann and Caritat, 2000 which have illustrated that the elements C »  Br > Cu, > 
Sb »  Ag> Cd > Pb show the highest M IF’s; whilst Ga, Cs, K, In, I and Rb have very 
low MIFs. In this case, enrichment is mainly associated with the proximity o f the city to 
the marine floodplains, thus, the elements Na »  K > V »  Ti > Mg show the highest 
enrichment; whilst Al > Ca>.Br have the lower EF values (see Table 13).
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4.4.3.2 Enrichment from Local Vehicular Roadside Pollutants
A range o f transition metals (Fe, 0.34 -  0.95 pg/m3 coarse fraction) and trace levels of 
these metals (Zn, Cd, Cr, Cu, Mn, Ni, V and Co, in the fine fraction) at urban sites 
across the UK [EPAQS]. Although, abrupt changes in day-to day compositions have 
been recorded at Automatic Urban Network (AUN) sites in the UK. The ambient 
content of many o f the transition metals (which are highly water soluble) arise mainly 
from high temperature processes such as fuel composition'
In this study, PMio trace levels o f Br were detected in the upper range o f the reported 
concentrations for petrol and diesel fuel at Major A, B roadside locations; but, at 2 
orders of magnitude lower at minor roadside locations. Source fractions o f Pb are 
strongly associated with fuel emissions; however, Pb concentrations were either 
detected at or slightly above detection limits (Table 9). Zn loadings on sea-salt 
particulates generally show high concentrations on filters in both exposure areas; and 
Pb/Zn ratios are often calculated at roadsides to reflect the Zn fraction from tyre thread 
wear and tailpipe emissions. In this case, the Pb/Zn and Pb/Br ratios o f 0.37 and 2.1 
were calculated; and the poor correlation in the Pb/Zn indicator metals would suggest 
background sediment enrichment for Pb. Low organic content (<5% organic matter) in 
the catchment sediment would suggest that Pb remains relatively unbound.
Range in Trace Elemental Concentration in PMio Particulates (n= 19) from Urban 
Roadside in Cardiff against Published Range in Fuel Composition can be seen in Table 
14. With exception of Everswell Road, the platinum group metals (Pd, Pt, Ir) were 
mainly detected in samples collected from minor roadsides (in ‘control’ areas), most 
likely due to higher metal loadings o f unbumt hydrocarbons from lower engine 
combustion efficiency.
Mo concentrations, ranging from of 687 pg/g (0.12 pg/m3) to 4489 pg/g (0.76 pg/m3),
were detected in filters from urban roadsides in higher exposure areas; Mo had shown
high limits o f detection (351 pg/g) in PIXE analysis. PMi0 trace levels o f Mn, Co, and
Cu are 2-4 orders o f magnitude higher, in the upper ranges, in comparison with the
literature data of trace level concentrations in petrol and diesel (Table 13).
Environmental emissions from motor fuel combustion will not typically contribute to
significant ambient levels o f Co or Cr, however, the erosion o f brake lining which
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contains chrysotile asbestos has been found to contain up to 1500 pg/g of Cr 
[Schroeder, 1970].
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Table 13: Cardiff Roadside PM10 (INAA/PIXE) against Published Fuel Composition.
Elem. Petrol Diesel Elemental Range in 
Exposed Areas111
Elemental Range 
in Control Areas121
(Mg/ml). (Hg/ml). (ng/g)- (Mg/g)-
V - - 1.15E-02 - 1.08E+02* 1.45E+00 - 5.59E+01*
Mn 1.40E-01- 9.70E- 
01
1.10E-01 - 
9.70E-01
3.50E+00 - 1.80E+02* 5.33E+00 - 5.97E+02*
Co 1.00E-04 - 
4.00E-04
1.00E-04 - 
8.00E-04
1.57E-04- 4.76E+00* 1.57E-04- 4.62E+00*
Cu 5.00E-03-
4.48E+00
2.00E-03 - 
4.90E-01
5.75E+01 - 1.27E+03* 1.29E+01 - 5.97E+02*
Zn <2.00E-01-
5.23E+00
1.70E-03 - 
2.30E+00
2.16E+01-2.16E+02** 2.16E+01-2.59E+02**
Br 2.40E-01-
2.80E+00
2.00E-02 - 
1.20E+00
3.31 E+01 - 3.53E+02* 8.28E+00 - 8.28E+00*
Sb - - 7.85E-01 - 1.15E+00* 7.85E-01- 3.63E+01*
Sn - - 3.06E+01- 4.23E+02* 3.06E+01- 7.94E+02*
I - - 1.21E+01 - 7.28E+01* 3.85E+00 - 1.05E+02*
Notes: [1] 20 m from Major Roadsides; [2] 0.75 km-Major Roads; *INAA and GeLi Spectrometry Analytical
Methods; **PIXE, and SiLi Spectrometry Analytical Methods.
A study of PM2.5 and PMio at roadsides o f high density traffic were monitored in a 
residential part o f Zegreb [Hrsak et al, 2000]. Results had shown that almost all lead, 
manganese, and cadmium content is found in PM2.5 particle fraction (on Millipore 
filters, 0.8 pm pore size, average air flow rate of 70 L/min). Lower correlations between 
Cd concentrations and other pollutant concentrations could partly be attributed to low 
concentration levels and partly to a possibility that Cd originated from a source other 
than that o f the other metals.
An alternative method to enrichment calculations (and source apportionment) explores 
the use o f tailpipe fingerprints o f diesel exhaust particulate (DEP) patterns. The 
particulate fraction associated with unbumed fuel and lube oil will vary with engine 
design and operating conditions; and the soluble organic fraction (SOF) will show 
highest values at light engine loads and at times when exhaust temperatures are low' 
The sulphate fraction is also roughly proportional to the fuel sulphur content. Most of
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the sulphur in fuel will be oxidised to SO2 , but a small fraction is oxidized to SO3 that 
leads to sulphuric acids and sulphates in the exhaust particles.
Spatial variation in elemental carbon (EC), rather than PM2.5 exposure is often 
associated with vehicular traffic, although, few studies have been conducted on roadside 
level elemental carbon concentration. A comparative study o f the Autobahn (i.e. high 
speed highway), urban and rural roadsides was undertaken in a roadside study of 
Aachen, Germany [ Vogt, 2003]. At the rural site (3 km, downwind o f the autobahn), the 
percentage o f elemental carbon fraction (associated with DEP) was significantly smaller 
(at 23%,in contrast to 35%) but elemental carbon with secondary aerosols were identical 
(at 9%). Similar to sea salt fraction, increased metal loadings will occur on the surface 
area o f black carbon.
Most studies have focused on the immediate cardiopulmonary effects o f PM [17, 30,31, 
45, 46, 72, 82/82a,107]. These studies have found that this toxicity is mediated by the 
metal fraction o f the PM [17, 31, and 72]. Metals most commonly detected in PM are 
Cd, Cr, Fe, Mn, Ni, Pb, and V; and at concentrations that range from relatively high 
levels for Pb (3-150 ng/m3) and Fe (3-500 ng/m3), to lower levels for V (2.1-18 ng/m3), 
Ni (0.54-11 ng/m3), Cr (0.5-1 ng/m3), and Cd (0.5-1 ng/m3). Four o f these metals in PM 
(Ni, Cr, Cd and As) are classified as known human carcinogens, whilst Pb and Co are 
classified as probable human carcinogens by the International Agency for Cancer 
Research [IARC, 1999] However, UK National Air Quality Standards are rather 
conservative in advancing standards that represent the respirable fraction (of these 
metals); despite the epidemiology indicating that PM is a lung carcinogen and evidence 
that the metals from PM, in particular Cd, show human genotoxicity/cytotoxicity.
4,4.3.3 Enrichment from Local Sea Breeze Circulation
Sea breeze circulation patterns will be dependent upon minimal cloud cover and as the 
land heats up, less dense air will move down pressure gradients towards the sea during 
the day; and subsidence effects (980-1 OOOh Pa) will cause cooler air o f the sea breeze to 
move inland. Reversal of temperature-induced pressure effects will cause aerosol 
pollutants blown inland during the day to be sent out to sea by the land breeze; and to 
reappear, next morning, as the land warms. Thus, inland sea breeze, typically, will blow
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most strongly between 1 2 - 3  pm, local time (during maximum heating o f the land) 
whilst land breezes would be expected to blow hardest between 1 2 - 3  am. Time-point 
sampling (9-10 am and 9-10 pm) when both land and sea temperatures are the same, and 
when sea breeze effects disappear would determine whether climatic conditions are 
either contributing to pollutant effects or sufficient in dispersing accumulated vehicular 
sources.
Sea breeze effects are generally localized along the coast and may even contribute some 
very low-level sea induced pollution effects in the south continental Europe. Therefore, 
it can be expected that local wind patterns associated with the sea breeze would not 
have a significant effect on the local distribution of ambient air temperatures and 
pollutant concentrations in area of cooler continental land mass. The elements Na, S, Cl, 
Ca and K are typical inorganic species that are characteristic o f sea salt particles (as sea- 
salt consist mainly o f Na+ and C f with contribution o f SO V , Ca2+, Mg2+ and K+). 
Particulate loadings in high exposure areas have been strongly influenced by the 
downwind, sea-breeze enrichment o f Na, Cl, Si, Ca, K and V from coastal areas of 
Cardiff (Table 11 and 12).
Elevated levels o f V recorded values for non-polluted soils would suggest that vehicular 
emissions may be contributing to higher V loadings on filters (see Table 12). In fact, no 
statistical correlation was seen between ambient concentrations o f V and sea-spray 
mineral enrichment suggest that V is a locally generated roadside pollutant; although, 
elevated concentrations may also have been derived from a catchment enriched source. 
Furthermore, a strong positive correlation o f statistical significance between the fuel 
derivative metal, V and Br at major roadside locations o f the inner city areas would 
further support this argument (section 3.4).
4.43.4 Enrichment from the Severn Dockland Areas
Anthropogenic activities that will have resulted in Brownfield contaminated land will
further influence derived ratio’s from EF calculations. Whilst, urban enrichment is
influenced from background enrichment, urban pollution may also be contributing to
catchment derived heavy metals through particulate fallout; as revealed in a study in the
English Midlands of reservoir sediment whereby one urban site had contributed to high
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contamination factors for Pb, Cu, Ni, Zn and Cd [Foster et al, 1991]. A statistical 
investigation of Severn Estuary sediment for coal, Pb and Zn levels was undertaken to 
determine the degree to which present day sediments are enriched relative to their pre­
industrial activities [French, 1993]. The analysis revealed a systematic enrichment o f 
metals in present day sediments o f the order o f two or four times those founding the pre­
industrial sediments.
4.4.3.5 Enrichment from Regional Pollution
With consideration o f predominated winds in the region, heavy industry and transport in 
the modem port installations, mineral extraction, petrochemical and power generation 
plants around the estuary are likely sources o f industrial air emissions in the catchments 
area. Moist, northern air-streams may have transported industrial stack emissions 
inland (25-30 m) of the catchments area, resulting in the elevated Co and Sb ambient 
concentrations seen in this study.
Sea breezes are usually superimposed on the regional wind patterns and if  regional 
winds are strong, then local sea breeze effects are normally nullified. Predominant NW 
and NE coastal winds carrying clean oceanic air parcels into the city may have resulted 
in the dilution o f pollutant concentrations. Daily sampling, on consecutive weekdays at 
these sampling locations would have determined whether regionally wind patterns are 
contributing to urban catchments derived pollutant sources and the dispersion of 
accumulated inner city pollutants (associated with vehicular sources). The atmosphere 
o f the English Channel may have also contained continental outflow from polluted 
discharge, although, it is likely that such regionally wind-driven, contaminated air 
parcels would have penetrated through the lower dense layers o f the inversion layer to 
be carried in prevailing wind streams at significant heights (1200-1500 m) above sea- 
level.
4.5 Biomonitoring o f Environmental Exposure
Blood and urine concentration reflect recent exposure, but usually varies with a 
relatively wide range; whilst derivative of ectoderm (in bone, teeth, nails and hair) tend 
to reflect long-term (averaged) exposure. Unlike bone or tooth, hair is time-resolved
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exposure (e.g. 1 cm growth per month). A single hair has a cross-sectional diameter o f 
25 -125 pm, and the concentration o f an element will vary along both the radius and 
length of hair. The importance o f environmental background to trace elemental levels in 
hair structure have been well published [Chitleborough, 1980]. Details of trace element 
diffusion in hair structure are presented in Chitleborough 1980 which have been based 
on models that examine the cross-sectional and longitudinal homogeneity o f hair. 
Normal levels of trace elements in human hair will vary considerably from person to 
person; show variation with age, sex, environmental and health factors; including 
variation from one geographical region to another on the basis o f elemental content in 
food, eating habits, soil and water composition.
The rate o f trace element diffusion in hair structure is element dependent, for instance, 
toxic levels of Cd, at elevated levels in the blood will not be detected in hair analysis; 
and whilst concentration o f Pb will increase with distance from the scalp'; and Zn and 
Cu tend to remain constant throughout the keratin molecules in the hair of the individual 
[Kollmer, 1980; Valkovic 1987]. However, a closer assessment o f degree o f exposure 
can be undertaken using biological fluids following the detection o f excessive exposure 
in hair. A systematic effort to obtain reliable data on groups o f older children on a 
national basis may be the most suited representative o f background trace elemental data, 
in particular, as bio-accumulated concentrations in hair from children are more likely to 
exclude concentrations associated with co-founding factors (e.g. smoking habits, 
occupational exposure).
4.5.1 Health Indicators in Human Hair
Calcium, Na, K, Cl, Mg, Fe, Zn, Cu, Cr, I, Co, Mo and Se are unequivocally essential 
for human health; and drinking water resources provide some o f these elements [NAS, 
1980; WHO 1996; WHO/FAO/IAEA, 1996]. A second group o f elements that have 
some beneficial health effects, include F (in dental care), B, Mn, Ni, Si and V. The third 
group is composed of the potentially toxic elements Pb, Cd, Hg, As, Al, Li and Sn 
[WHO/FAO/IAEA, 1996]. Hair mineral content is affected by exposure to various 
metals causing high variation of elemental levels along the hair strand. However, bio­
monitoring of toxic metals in hair is not indicative on the route o f exposure (i.e. 
inhalation or ingestion).
There is currently a lack o f data relating the elemental concentrations in hair to the 
concentration in body stores (i.e. plasma, and tissues), and there is currently no 
biological limit established as yet for exposure to toxic trace elements, with exception 
for Hg and Se. Clinically, there has been observed correlation between Sb, Au and Cs 
levels in hair o f ill children suffering from bronchial asthma (n=12) and healthy children 
( n = l l )  in Troitsk, Moscow {Alekseeva, 2001). There is the possibility that every 
individual has a characteristic excretory plasma-hair elemental relationship; and thus, 
monitoring o f trace levels o f the same person at various times will only give any real 
meaning o f individual exposure.
4.5.2 Human Hair Concentrations (Cardiff Study)
Published Mean (and Range) o f Selected Elemental Concentrations in Human Hair 
(pg/g) from Healthy Global Populations (University o f Surrey Database; as determined 
by the Medical Physics Group using INAA over a period o f thirty years)[Altaf et al, 
2004]. and the Urban Cardiff Population, 2005 have been recorded in the Table 14.
In this study on healthy male adults, elemental concentrations in hair have generally 
shown similar values in both exposure groups; and the range o f concentrations was 
within the Iyengar published range for normal concentrations levels (Table 8). 
According to the University o f Surrey Database [Altaf et al, 2004]N  concentrations in 
this study (n=112) are similar to the reported concentrations for the Welsh population 
(n=55) and in the age group of 30 -49 years. However, Cu and Mn hair concentrations 
are 1.6 and 4.5 times higher than the previous reported levels in the Welsh population 
by the Surrey group.
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Table 14: UniS Database on Concentrations in Hair (pg/g)
Mean (Range) Concentrations (pg/g)
Population Exposure Mn V Br Cu Mg
British (n=65) 1.5
(0.2-6.4)
0.1
(0.01-0.2)
2.3 
(0.4-8.1)
19.9
(3.4-44.1)
70.3
(28.7-131.0)
Bulgarian (n=36) 1.5
(0.2-4.3)
0.1
(0.01-0.3)
6.8
(1.2-21.8)
11.9 
(7.2-19.3)
55.3
(25.3-128.0)
Greek (n=4) 0.5 
(0.2-1.0)
0.05
(0.01-0.1)
5.2
(2.2-11.1)
12.0
(2.82-26.0)
121.0 
(44.5-286.0)
Kenyan (n=71) 17.5 
(2.0-87.0)
0.2
(0.01-0.4)
7.4
(0.9-30.0)
18.0
(6.0-40.0)
350.0
(80.0-1010)
Nigerian (n=100) 8.6
(2.7-21.9)
0.3
(0.1-1.0)
16.8
(0.2-282.0)
29.9
(2.1-64.7)
269.0
(79.1-599)
Saudi-Arabian (n=3) 0.5
(0.1-1.3)
0.03
(0.01-0.1)
3.1 
(0.4-5.5)
23.5
(17.1-24.6)
70.8 
(39.2-130)
Welsh (n=55) 0.2
(0.1-0.8)
0.1 
(0.01-0.5)
6.5
(0.2-30.0)
15.50
(1.3-72.9)
79.0
(6.4-207)
Urban Cardiff Study 
(Male, 50-70 yrs, 
n=112)
0.9
(0.2-12.3)
0.15
(0.01-1.0)
6.06
(0.1-97.1)
25.1
(0.5-74.9
126.0
(2.9-63.7)
1-18 yrs (n=98) 10.7 0.1 5.5 17.6 342.00
18-29 yrs (n=15) 0.8 
(0.1-6.1)
0.1
(0.01-0.2)
3.3
(0.9-11.1)
14.9
(2.8-44.1)
122.0
(28.7-584)
30-49 yrs (n=14) 0.2
(0.02-0.5)
0.1
(0.01-0.3)
4.2
(0.2-18.6)
23.4
(2.3-72.9)
79.2
(18.1-207)
50-69 yrs (n=14) 0.3 
(0.1-0.8)
0.1 
(0.01-0.5)
5.9
(0.3-26.4)
18.5
(1.3-45.0)
99.2
(6.4-190)
70+ yrs 0.2 
(0.1-0.7)
0.1
(0.02-0.4)
7.2
(0.2-30.0)
10.3
(3.0-24.2)
63.2
(12.8-190)
Males (n=12) 0.4
(0.1-1.3)
0.04
(0.01-0.13)
3.1
(0.4-11.1)
15.1
(2.8-34.6)
83.9
(28.7-286)
Female (n=53) 0.4
(0.02-6.1)
0.1 
(0.01-0.5)
5.1
(0.2-30.0)
16.1
(1.8-72.9)
91.1
(6.4-584)
Future studies that investigate ‘peak’ longitudinal distribution o f trace elemental 
concentration, as explored in the 3D quantitative elemental mapping using PDCE 
tomography by the thesis work of Beasley, 2006 may lead to developments that indicate 
the time interval o f blood intoxication or an individual’s regulation in metabolism; once 
the parameters of diffusion and saturation level o f concentration in hair is known. Hair 
analysis is possibly more appropriately used as an initial screening tool o f high levels o f 
metal toxicity; whereby the analysis o f other biomarkers in closer assessment o f 
exposure is undertaken, following the detection o f excessive exposure in hair. This data
may help identify populations at specific risk (e.g. Zn deficiencies) or populations of 
excessively contaminated areas.
4.5.3 Health Risk Exposure using other Biomarkers (Cardiff Study)
In the Cardiff study [Au-Yeung, 2006] human health risk of exposure was further 
extended to the analysis of other biomarkers (i.e. blood, urine) in body fluids o f subjects 
who participated in the study. Au-Yeung reported no correlation (r=0.04) o f statistical 
significance between Cu concentrations in hair or plasma (n=80); whilst Pt levels in 
urine (n= 28) were detected at 3.8-56.6 ng/g of creatinine from subjects in higher 
exposure areas. Median concentrations of 1-hydroxyprene (1-HP) were higher (at 
concentrations o f statistical significance (p<0.01)) in urine samples o f the low exposure 
group (0.21 pg/g o f creatinine).
Health risk can be assessed through immunoglobulin levels and other indictors of 
specific immunity such as Immunoglobulin G. due to the known immunosuppresive 
action of heavy metals. Among the non-specific mechanisms, acute reactant indicators 
of metal-induced cytotoxic injury and protease inhibitors (such as alpha-1 antitrypsin 
and beta-2-microglubin levels), released from phagocytes can be monitored at the 
beginning of infection or inflammatory response. Phagocytic activity o f leukocytes, and 
T-lymphocytes activity (with phytohemagglutin, and concanavalin A) are also effective 
indicators of enhanced cell-mediated response; and Luster et al, 1988 reported 
significantly higher stimulation o f T-lymphocytes mitotic activity (expressed as a 
stimulation index) in children of environmental exposure areas. In future clinical 
studies, increased cytogenetic analysis may also reveal genotoxic influences form metal 
emission.
4.6 Non-Parametric and Correlation Analysis
In illustrating small inter-group differences, the t-test can be used to compare the means 
of the two groups; and non-parametric testing (e.g. Wilcoxon or Mann Whitney testing) 
can be used in the analysis of great intergroup differences. In the case o f intra-group 
differences, it is preferable to use the median and the range. As a rule, the frequency 
distribution pattern for intra-group values o f hair elemental content is asymmetrical
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[Tobin, 2005], thus, a logarithmic transformation should be employed in a comparative 
test using the median.
In comparative analysis, inter/intra-group analysis o f hair elemental concentrations were 
undertaken by Au-Yeung and the UniS. T- test sensitivity based on the median values in 
the work o f Au-Yeung (and due to the skewness o f he data, medians of the inter-group 
values were compared using Mann Whitney). The geometric mean and standard error o f 
the mean were assessed by the UniS. All findings by Au-Yeung, 2006] were evaluated 
by analysis of variance (ANOVA) and the t-test; whilst, statistical analysis by UniS 
have used T-test and Pearson’s Correlation. Although the median had differed in its 
absolute value from the respective geometrical mean, it still constitutes the tool of 
choice in the assessment of intergroup differences [Tobin, 2005].
In the author’s opinion, however, it was considered more appropriate to use the 
geometric mean and standard error o f the mean when comparing trace element content 
o f human hair in exposed and control groups. Statistical analysis o f the data had shown 
that the median and the geometric mean values (of trace elemental content in samples) 
were similar and that the data was non-normally distributed (see figure 11 and 12). In 
the analysis, outliers were not removed from the data in the statistical analysis o f the 
median (or mean). Elemental concentrations less than the minimum detection levels 
(MDL) were not included in the data set by Au-Yeung; but these detection limits were 
retained as minimum values in the analysis by the UniS.
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4.6.1 Statistical Analysis (Air Particulates)
Statistically, there is a tendency for concentrations of one particular pollutant to 
correlate with those of another, especially, if  they have a common pollutant source; for 
example, roadside concentrations of V compounds, which are used as chemical catalysts 
in petroleum products, may statistically correlate with concentrations o f Mg, a lubricant 
and light metal used in car engine manufacture; and roadside suspended metals may 
form part of the composition of re-entrained, agglomerated particulates at sampled 
roadside locations. There is also the basic idea that a single aerosol sample can be 
considered, statistically, as a representative characteristic of a pollution source' 
Although, it can be argued that one ambient particulate sample may consist o f many 
single aerosol particles from different pollution sources. A correlation (P<0.01) was 
seen between indicator metal, V (fuel derivative metal) and Br (exhaust emission 
derivative metal) at 20m distance from Major A, B roadsides.
In determining differences in inter-group (mean) values between both exposure groups, 
the t-test was undertaken by the UniS. A positive correlation was seen between the fuel
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derivative metal, V, and most trace metals, Mg, Al, Ti, Mn, Co, Cu, and Br; with 
statistical significance (Pearson Correlation, PO .O l) between Ti and Br in residential 
areas, 20m distance to the inner city (Major, A, B) roads. A positive correlation of 
statistical significance was also seen between the vehicular indicator metal, V and Al (r 
= 0.62), Cu (r =0.70) and Co(r =0.76) in minor roadside locations (0.75km distance 
from the major roadside). A positive correlation between V, and Ti metal oxides, may 
suggest that ambient concentrations of Ti is vehicular (and associated with catalytic 
emissions) rather than crustal in origin. No correlation was seen between V and the 
inorganic elements characteristic of sea salt particles and sea-spray (Na, S, Cl, Ca and 
K) in either exposure area. However, a negative correlation was seen between metal 
concentrations (Mg, Al, S, Ti, V, Co, Mn, Cu and Sb) in particulates at both exposure 
areas, suggesting that pollutant sources from minor roads, south o f the city, may be 
influencing down-wind, pollutant concentrations in area’s o f the inner city. V is a 
known strong environmental catalyst in the oxidation o f SO2 to SO3 and sulphuric acid 
’and bronchial constriction caused by SO2 is greatly enhanced in the presence o f water 
droplets containing V, Fe and Mn sulfates'
4.6.2 Statistical Analysis (Human Hair)
In use o f the median values, Au-Yeung [Au-Yeung, 2006] had shown that there was no 
correlation between trace elemental levels of statistical significance (Mann Whitney) in 
inter- or intra-group values; in particular, in the intra-group correlation o f trace element 
data in the ‘exposure’ group. In analysis by the UniS, a negative correlation was seen 
between Br and all other trace elements in hair from populations o f the ‘exposed’ group 
(n=67), but with statistical insignificance (pO .O l, Pearson Correlation, t-Test). 
However, Br had shown a strong positive correlation of statistical significance (p<0.01) 
between Ti (r=0.98) and Sb (r=0.95) trace levels in hair from the ‘control’ group (n=42). 
The use o f the geometric mean, by the UniS, had shown various other trends in the 
intra-group results. For instance, a positive correlation o f Cu, of statistical significance, 
with Al (r=0.78), Co (r=0.61), and I (r=0.81) was seen in hair from subjects o f the 
‘control’ group from low exposure areas; and a positive linear relationship between Cu 
with other trace metals (Mg (r=0.85), Al (r=0.72), Mn (r=0.59), and V (r=0.73)) were 
seen in hair, o f statistical significance (p<0 .0 1 ) from the population o f high exposure.
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Recent research has indicated that there is a threshold level in the toxic excretion o f Cu 
from the body and, although, Cu, acts as a constant biomarker in hair, toxic 
concentrations of the metal cannot be studied in hair analysis. In the thesis, o f Au- 
Yeung, no correlation (r=0.04) between copper concentrations was seen in hair or 
plasma.
A general positive correlation between trace metal concentrations in ambient 
particulates and bio-accumulated levels in hair, was also seen, in populations from both 
exposure areas; particularly, showing a strong correlation o f statistical significance 
between Al (p<0.01), and Co (p<0.05) in high exposure groups. However, Br had 
shown a strong positive correlation o f statistical significance (p<0.01) between Ti 
(r=0.98) and Sb (r=0.95) trace levels from low exposure groups; and between Al 
(p<0.01), and Co (p<0.05) in high exposure groups. Higher (range) values of Ti, and S 
(by power o f magnitude) were detected in hair, in contrast to the published higher range 
concentrations in the literature. Additionally, a positive correlation, o f statistical 
significance (p<0.05, t-Test, Pearson Correlation) was seen for roadside, V, 
concentrations in high exposure areas, and levels in hair from populations o f the lower 
exposure areas; although, correlation between particulate concentrations in this metal, 
from high to low exposure areas had shown only a weak positive correlation at the time 
of sampling.
In view o f the long biological half-life and retention o f vanadium in the body, it is 
expected that long-term epidemiological monitoring would be required to accurately 
assess the health risk o f exposed populations. However, the reported V values (n=112) 
were within the range of recorded concentrations from the University o f Surrey 
Database for the Welsh population (n=55). In general, tissue levels o f trace elements 
will indicate intake, bioavailability and excretion until levels are sufficiently high to 
express toxicity; and blood and urinary levels o f V appears to be the best indicator o f 
long term body burden. Mean values in V content in diet, globally, ranges from 20pg/kg 
- 69pg/kg (dry weight), estimating an daily intake as 10 jig/day - 20 pg/day [WHO
1998]. It is reported that diet seems to have a minor influence in V levels in blood, 
serum, and urine on account of the known poor absorption (1-10% in the GI tract with 
the lower end o f this range being more probable [Lener 1988]. Kucera et al. 1998. had
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reported that several studies had shown that no sex related differences were found in 
serum and urine levels o f V‘
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4.7 Proposed Future Research at the UniS
There is currently a lack of data relating the elemental concentrations in hair to the 
concentration in body stores (i.e. plasma, and tissues), and there is currently no 
biological limit established as yet for exposure to toxic trace elements, with exception 
for Hg and Se. There is the possibility that every individual has a characteristic 
excretory plasma-hair elemental relationship; and thus, time series studies of trace levels 
of individuals from the Cardiff study will provide real meaning o f individual exposure. 
Further studies that investigate ‘peak’ longitudinal distribution o f trace elemental 
concentration, as explored in the 3D quantitative elemental mapping using PIXE 
tomography by the thesis work o f Beasley, 2006, may lead to developments that 
indicate the time interval o f blood intoxication or an individual’s regulation in 
metabolism; once the parameters o f diffusion and saturation level o f concentration in 
hair is known.
It is a matter o f opinion on whether hair analysis is more appropriately used as an initial 
screening tool of high levels o f metal toxicity; whereby the analysis of other biomarkers 
in closer assessment o f exposure is undertaken, following the detection o f excessive 
exposure in hair. Thus, the continued compilation o f the Surrey Hair Database[X/fa/ et 
al, 2004] may help identify populations at specific risk o f mineral deficiencies (e.g. Zn) 
or in delineating populations of excessively contaminated areas; and facilitating the 
generic screening process of exposure so that further analysis o f biological fluids is 
undertaken with the detection of excessive levels in hair.
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5 CURRENT STANDARDS & TOXICOLOGICAL DATA
5.1 Introduction to Regulatory Standards
5.1.1 Air Quality Framework Directive (96/62/EC)
The European Community passed the Air Quality Framework Directive (96/62/EC) in 
1996 in the need to access ambient air quality against limit values and alert thresholds. 
In this document, the term ‘ambient air’ is defined as outdoor air in the troposphere and 
thus, excludes workplaces (Article 2 (II)). The European Committee for Standardization 
has designed three reference methods, relating only to the measurement o f particle 
mass, discounting other metrics that may correlate more appropriately to particle 
toxicity. The first o f the daughter directives (99/30/EC) specifies binding limits for lead, 
sulphur dioxide, nitrogen oxide and particulate matter (PMio). However, only national 
emission ceiling limits for sulphur dioxide (along with oxides o f nitrogen, ammonia and 
volatile organic compounds) have been implemented in the UK by the National 
Ceilings.
5.1.2 US National Ambient Air Quality Strategy (NAAQS)
The Environmental Protection Agency (EPA) first issued NAAQS for particulate matter 
in 1971, based on primary standards o f 260 jag/m3 24-hour TSP average,, not to be
*3 (
exceeded on more than .once a year; and 75 jag/m annual geometric mean. The 
secondary standard was set at 150 jag/m , 24-hour average, not to be exceeded on more 
than once per year. In 1987, EPA revised its regulatory approach, and former standards 
were replaced with a 24 hour PMio mean o f 150 jag/m3, with no more than one expected
o '
exceedance per year; and 50 jag/m PMi0 annual mean. In 1997, EPA issued new PM 2.5 
NAAQS standards to address smaller particulates believed to pose a greater health risk. 
These standards were set as 24 hour PM2.5 mean of 65 jag/m and 15 pg/m PM 2.5 annual 
mean. However, the US Court of Appeals (for the District o f Columbia Circuit, May 14,
1999) ruled to leave PMio NAAQS as had existed prior to the EPA’s 1997 rulemaking.
EPA completed a revised criteria document for particulate matter in 2004 (US EPA, Air 
Quality Criteria for Particulate Matter, EPA 600-P-99-002a, bF) which assessed new
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scientific and toxicological information. Based on the review o f the criteria document, 
an expert panel had concluded that available information supported the inference of 
causality between PM2.5 and a broad range o f health effects; and suggestive evidence of 
short term exposure to PM2 .5-10 and indicators o f morbidity (including hospitalisation for 
cardiopulmonary diseases, increased respiratory symptoms and decreased lung 
function). Thus, key conclusions reached in the revised criteria document were that fine 
and coarse particulate matter (indexed by PM2.5 and PM2.5-10) should be considered as 
separate subclasses.
Draft Staff Papers, 2005 concluded that there was clear support for revising the 
standards and recommended that the current coarse PMio be replaced with the P M 2 .5 -1 0  
indicator (of thoracic region o f respiratory tract); and that the fine particulates indicator 
to be P M 2 .5 .
5.1,3 UK National Air Quality Strategy (NAQS)
In 1991, the Expert Panel on Air Quality Standards (EPAQS) was established in the UK 
to advise the Secretary o f State, Scottish Ministers, National Assembly for Wales, and 
the Department of Health in Northern Ireland on non-occupational ambient air quality 
standards. The panel had aimed to identify knowledge gaps needed for standard setting; 
and to inform government on policy development in air quality issues. In 1995, the 
Department o f Health commissioned several o f the same members from the EPAQS 
committee to form a second committee (known as the Committee on the Medical Effects 
o f  Air Pollution (COMEAP)), to advise on the value o f the measure o f particle levels 
PMio at Automated Urban Network (AUN) monitoring sites across the UK; and to 
identify the effects o f variation in mass concentrations upon health.
The Committee published their findings in the report ‘Non-Biological Particles and 
Health * in 1995, whereby, the PMio limit value o f a 24-hour mean o f 50pg/m3 (based on 
TEOM measurements) had been adopted within the NAQS UK as a provisional 
governmental objective by 1997. In 1998, the Airborne Particles Expert Group (APEG), 
consisting o f several o f the members o f the former EPAQS Panel had revised these 
regulatory standards to 24-hour PMio mean of 50pg/m3, not to be exceeded on more 
than 35 days/year and a lower annual average o f 40 pg/m3 However, since the APEG
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recommendation on PMio, accumulative evidence has shown that toxicity may lie in the 
finer fractions o f 2.5 pm (PM2 .5) or less. In view o f this evidence, the EPAQS 
Committee, initially established in 1991, had been requested by government to reassess 
the possibility of recommending an additional (or alternative) Air Quality Standard for 
particulate matter, taking into account potential toxicity associated with the smaller size 
range*
In the ‘Airborne Particulates ’ Report, 2001 the Panel states that ‘PMio might not be 
the measurement most representative o f the fraction of ambient aerosol that is 
responsible for its harmful effects on health; and that particles most likely to be inhaled 
into the lung are usually <10 pm (s.29). Final recommendations made by the Panel, as 
documented as conclusive remarks in their report, have advised government on the 
continued use of the metric PMio Air Quality Standard Hn the absence o f  evidence that 
any alternative metric shows a closer and more reliable association with health 
outcomes, there is no pressing need to substitute the present one [EPAQS, 2001].
5.1.4 UK Derived Inhalation Index Dose Values
Soil Guideline Values (SGV) consists of “intervention values”, for, use in the 
assessment o f land affected by contamination. These guideline values have been used to 
assess the risks posed to human health from exposure to soil contamination in relation 
to land-use. These toxicological reports also derive SGV’s for inhaled levels -  the Index 
Dose (IDjnh) with the additional requirement that exposure needs to be reduced to as low 
a level as reasonably practicable [DEFRA and Environment Agency, 2002c]. However, 
background exposure to ambient concentrations is not considered in these health 
guideline values. Thus, it is possible that the CLEA health risk models are 
underestimating risks to human health. Refer to the CLR10 The Contaminated Land 
Exposure Assessment (CLEA) Model: Technical Basis and Algorithms for a detailed 
description of the CLEA model on which these Soil Guideline Values are based 
, [DEFRA and Environment Agency, 2002d],
Further information on applying SGV in the regulatory context, including Part IIA o f 
EPA 1990, can be found in CLR7 Assessment o f  Risks to Human Health from  Land  
Contamination: An Overview o f the Development o f  Soil Guideline Values and Related
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Research [DEFRA and Environment Agency, 2002a].The main purpose o f the CLR 
series is to provide regulators, developers, landowners and other interested parties with 
relevant, appropriate, authoritative and scientifically based information and advice on 
the assessment o f risks arising from the presence o f soil contamination.
5.1.4.1 Toxicity o f  Cadmium
Information on the toxicity o f cadmium is described in ‘ Contaminants in Soil: Collation 
o f Toxicological Data and Intake Values fo r  Humans. Cadmium ' [DEFRA and 
Environment Agency, 2002e]. In this report, lung cancer and kidney toxicity have been 
associated with inhaled cadmium , therefore, an IDinh is more appropriate for inhaled 
cadmium because ’‘there is sufficient evidence that cadmium is a carcinogen by this 
route and is genotoxic \
5.1.4.2 Toxicity o f Chromium
Studies on the toxicity o f chromium and the suggested health criteria values for the 
derivation o f SGV’s are described in Contaminants in Soil: Collation o f  Toxicological 
Data and Intake Values fo r  Humans. Cr [DEFRA and Environment Agency, 2002e]. 
Chromium oxidation states have been shown to produce respiratory effects in already 
‘sensitised people’. The ultimate allergen is believed to be a chromium(III)-protein 
complex, but it is the chromium(VI) compounds that produces most toxicity due to its 
ability to cross biological barriers and subsequently to be reduced to the trivalent form.
In this report, it is stated that ‘chromium(VI) is a known human carcinogen via 
inhalation, and has been shown to have mutagenic potential ’. For chronic exposure to 
airborne chromium(VI) compounds, an IDinh has been derived to minimise the risk o f 
lung carcinogenesis. It is based on the estimate in the WHO air quality guidelines that a 
lifetime lung cancer risk of 1CT4 is posed by an atmospheric concentration o f 
chromium(VI) o f 2.5 ng m-3' On the assumption that a 70 kg adult inhales 20 m3 o f air 
daily, the IDinh is 0.001 jug kg-1 bw day"11 (rounded up from 0.7 ng kg-1 bw day-1).
5.1.4.3 Toxicity o f Lead
Information on the toxicity o f lead and reasons behind the selection o f the most 
appropriate health criteria values for the derivation of the SGV’s are described in
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Contaminants in Soil: Collation o f  Toxicological Data and Intake Values fo r  Humans. 
Lead [DEFRA and Environment Agency, 2002e]. Both the SEGH (1993) and the US 
EPA (1996a) take into account the inter-individual variability in blood lead 
concentrations in a population. For example, in deriving revised guidelines, WHO 
(2000b) set an objective in relation to air quality that 98% o f the general population 
would have a blood lead concentration o f less than 10 jug dL-1, in which case the 
median blood lead value would not be more than 5.4 jug dL-1.
5.1.4.4 Toxicity o f  N ickel
UK health criteria values for the derivation o f nickel are documented in Contaminants 
in Soil: Collation o f  Toxicological Data and Intake Values fo r  Humans. Nickel [DEFRA 
and Environment Agency, 2002e]. In this report, it is stated that ‘inhalation o f nickel can 
result in chronic bronchitis, emphysema, asthma and lung cancer ’. The ; Scientific 
Committee for Toxicity, Ecotoxicity and the Environment (CSTEE) has reviewed the 
impact on human health from the inhalation o f nickel and its compounds in the ambient 
air (CSTEE, 2001). CSTEE identified critical threshold and non-threshold effects on 
health from nickel inhalation. Based on an overall evaluation o f the epidemiological and 
experimental data, the CSTEE found that there was “sufficient evidence fo r  classifying 
soluble nickel compounds as known human carcinogens and that a genotoxic 
component in the mode o f  action was probable”. In their conclusions they stated that 
“the limit value o f 20 ng m -3 proposed for non-cancer effects, is also likely to provide 
reasonable protection of the general population to the carcinogenic effects o f nickel 
compounds in ambient air”.
Taking into account background exposures to nickel in ambient air, this leads to an 
adult TDI of 0.002 jug kg-1 bw day-1 As is the case for oral exposure, the potential child 
background intake of nickel from ambient air exceeds the CSTEE guideline level. 
Therefore the inhalation TDI for a six-year-old child is 20% of the CSTEE level, that is, 
0.001 jug kg-1 bw day-1. The inhalation Index Dose derived from the same study is 
0.006 jug kg-1 bw day-1. The potential child background intake o f nickel from ambient 
air exceeds the CSTEE guideline level. Therefore the inhalation TDSI for a six-year-old 
child is 20% of the CSTEE level, that is, 0.001 jug kg-1 bw day-1
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5.2 Clinical Understanding in Lung Toxicity
Studies in the early 1990 were focused on the effect o f many xenobiotics on antioxidant 
enzyme depletion which was seen to alter the redox status of cells. This effect had made 
tissue more susceptible to oxidant induced effects through free radical generation. The 
effects o f inflammatory tissue response and oxidative DNA damage in lung tissue have 
also been widely researched. However, there is a need for further research into exposure 
to toxicants during lung development; as studies have shown the potential to 
significantly affect the overall growth and function o f the lung, in particular, in young 
children [Pinkerton and Joad, 2000]. On the basis that epithelial cells that undergo 
maturation and rapid proliferation and the development o f physiological function o f the 
lungs occur in post natal growth and adolescence (i.e. puberty). There is still a large 
knowledge gap in the understanding o f the effects of toxicants on gene regulation, 
molecular signalling and growth factors during lung development.
5.2.1 Theory o f Radical Mediated Tissue Injury.
All cells of the lung appear to be susceptible to oxygen toxicity; however, sensitivity 
may vary between the different cells types. It is also generally accepted that pulmonary 
oxygen toxicity is mediated through partially reduced oxygen products (such as the 
superoxide anion, perhydroxy and hydroxyl radicals) and* possibly singlet molecular 
oxygen. Hyaline membranes formed by cellular and protein debris are a characteristic 
morphologic sign o f pulmonary oxygen toxicity and greatly diminishing oxygen 
diffusion.
It is also generally accepted that many toxic agents may catalytically drive free radical 
reactions; for example, crocidolite (the amphibole type o f asbestos) o f a high Fe content 
will generate OH' from O ' an H2O2) inhaled mineral dusts, xenobiotics and pathogenic 
agents (transported on fine particulates) which are not metabolized may be 
phagocytized by cells and cause oxidative burst [Hansen et al.] in lung tissue; and 
bronchial carcinogenic PAH compounds may trigger the activation o f cellular 
enzymatic metabolic pathways that can result in cellular oxidative stress and other 
metabolic pathway responses in antioxidant defence [Hansen et al.].
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Free radical mediated processes can also occur through cellular chemicals, enzymes and 
cytoplasmic (membrane) components o f cells. For example, cellular (cytoplasmic and 
cytosol) enzymes (e.g. glutathione reductase), microsomal enzymes (e.g. NADPH 
flavoenzymes), co-enzymes (NAPH-cytochrome P-450) and isozymes can reductively 
metabolize a variety o f xenobiotic’s to free radicals, especially under low oxygen 
tensions [Hall, 1989].
Free radicals are generated by microsomal enzyme reduction of certain transition metals 
to oxidation states that can catalyse the formations o f radicals from organic and lipid 
peroxides; or via the reduction of certain metals (e.g. Cr(VI), V to V(IV)) triggering 
classical cellular redox cycling [ Wallace, 1997]. It is also known that the levels o f the 
microsomal enzymes in lung tissue can vary significantly from one tissue to another, 
and even within cell populations of a given tissue; thus, the contribution to radical 
generation will vary amongst cell types. The enzyme, NAPHxytochrome P-450 
reductase is localised mainly in cell types most commonly associated with tumour 
formation of the bronchiolar epithelial cells [Hall, 1989] and it is probable that* these 
cells show greater production of free-radical production than any o f the other lung cell 
types.
It has been well established that radical mediated process and products which are highly 
reactive can inhibit metabolic processes through induced damage to DNA, lipids and 
cellular membrane components. For instance, lesion formation on the mitochondrial 
membrane may lead to cytotoxic consequences by affecting the basic metabolic 
function o f these organelles; whilst, damage to lysosomal or peroxisomal membranes 
can lead to leakage o f hydrolytic enzymes with potentially serious consequence.
Although, highly reactive hydroxyl radical species ( OH, alkoxl, and alkly), are likely to 
react locally, these radicals can indirectly mediate damage at a distance (from their site 
of generation) through radical mediated modification o f proteins and secondary 
reactions. Less reactive radicals (peroxyl, O ') are able to migrate much further, but 
because behalf o f their short lived half-life (in seconds, for peroxyl radicals), direct 
damage is most likely to be in lung tissue (i.e. site o f generation). However, peroxyl 
radicals can react with benzo(a)pyrene to form the carcinogenc form of dihydrodiol 
epoxide [Wallace, 1997].
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Evidence documented in the EPAQS report has demonstrated increased free radical 
activity in tissue culture with exposure to the ultrafine aerosol fractions (S.77); and the 
generation o f reactive oxygen intermediate species (ROS) from various types o f human 
respiratory cells on exposure to particles, surface coated with transition metals (S.78). 
Recent exposure studies have also reported that oxidative stress associated with PM 
metal toxicity is tissue specific. Acute exposure to increased concentrations o f PM will 
promote oxidative stress and mild damage to the lungs and heart in vivo. The effect o f 
short term exposure on antioxidant defense systems (Lissi et al, 1991) and rapid 
increase in lung tissue ROS concentrations, with an almost immediate toxicity effect o f 
particles {Calderon, 2001, Shukla et al, 2000, Gurgueira, 2002) is well researched. 
Measurements o f low level chemiluminescence’s (CL) have shown that concentrated air 
pollutants (CAP) will increase the steady state concentration o f oxidants and antioxidant 
enzymes in organ tissue; leading to mild increases in lung and heart edema; and serum 
levels o f Lactate dehydrogenase (LDH). In clinical studies {Gurgueira, 2002), lung and 
heart CL increased linearly with time o f exposure; with significant increases after 5 
hours (in contrast to rodent controls). On days o f high pollution (CAP concentration > 
500 pg/m3) significant differences between control and exposoed were seen in tissues 
after 1 hour exposure. It is thought that no effects were seen in the liver on the basis that 
this organ may be a target for the soluble fraction o f air particulates {Gurgueira SA, 
2002).
In Gurgueira, 2002, significant change in antioxidants levels was observed in tissues 
during the short term exposure (i.e. 5 hours) and low toxicity o f CAP; however, 
exposure to simulated ‘peaks’ in concentrated air pollutants (CAP) was ‘recoverable’ on 
the basis that oxidative stress was undetected in rodents after 24 hour recovery. Clinical 
results have also indicated that the lung can readily compensate for transient increases 
in the levels o f ambient air particles, in contrast to pronounced and longer lasting effects 
on the heart tissue [ Gurgueira, 2002]. Extra-cellular fluids (such as serum, blood and 
bronchoalveolar lavage (BAL) fluids) will contain naturally occurring antioxidants 
(such as bilirubin, ceruloplasmin, and ascorbate). Thus, observed up-regulation o f 
antioxidant defences and the reversibility o f mediated-oxidative stress strongly suggest 
that the lung and heart can readily adapt to increases in the intracellular levels o f 
oxidants associated with ‘peak concentrations’ and short term exposure to P M 2 .5 .
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A number o f studies have also shown that postnatal exposure to environmental toxicants 
can alter the development profile o f detoxification isoenzymes. [Gebremichael et al, 
1995]. For example, the development profile o f the Cytochrome P450 monoxygenase 
system closely coincides with changes in the cellular composition o f Clara cells and 
endothelial cells during early postnatal period o f development [Gebremichael et al, 
1995].
The Monico Augsberg Cohort study has identified an increase in fibrinogen 
concentrations and blood viscosity during increased epidsodes o f air pollution [Koenig 
W, et al., 2000]. Seaton et el, 1999 had indicated a negative correlation between PMio 
levels and the clotting factor fibrinogen as well as haemoglobin, platelets, factor VII 
levels and red blood cells .
107
5.2.2 Radical-Mediated DNA Oxidation and Cytoxicity
There are several ways in which radicals can negatively impact DNA: (a) direct free 
radical attack (b) cellular redox cycling whereby the original free radical may lead to the 
production of other radicals that attack DNA (c) free radical can activate a 
procarcinogen or (id) receptor binding of the radical to the target (‘site specific attack’). 
In fact, most of the oxidative stress-induced DNA appears to be mediated by free radical 
attack and most likely mediated by DNA bound metals [Aoezi, 1998]. When the ratio o f 
oxidative stress to antioxidant status becomes disproportionate, alterations to gene 
expression and disease will develop [Timblin, 1998]. Oxidative stress and alkylation 
damage can result in DNA strand breakage and its repair by DNA polymerase can be 
inhibited diverse by DNA bound metals such as As, Ni, Cd, Co and Cr. This effect can 
lead to oncogene and tumour suppressor gene inactivation that leads to uncontrolled cell 
division in cancerous growth.
Published research has also shown that the induction o f mutagenesis is due to the 
formation o f oxidative stress, and it has been seen that the inhibition of DNA repair can 
increase these carcinogenic effects in lung cancer patients [Wei, 1996]. However, it is 
not yet known which step(s) in the repair process are inhibited by metals, although, the 
‘incision step’ in DNA repair has been preferentially inhibited by Co in contact 
inhibited human cells; and it is known that DNA damaged recognition proteins XPA 
(‘Zn-finger proteins’) can be interfered and replaced by metals such as Co(II), Ni(I) and 
Cd(II) [Sarkar, 1995].
Fampton 2001, theorises that the oxidative damage to epithelial cells (due to reactive 
oxygen species) is accompanied by signalling mechanisms within cells that trigger the 
transcription o f a number of proinflammatory genes. Increased levels o f 8- 
hydroxydeoxy-guanosine (8-OHdG), a reliable marker o f oxidative DNA damage, have 
been detected in urine o f smokers (S.8, S. 9 EPAQS) and in lung cancer tissue (S. 10 
EPAQS). Within the human lung, enzymes (e.g. NAPH cytochrome P-450 reductase) 
localised mainly in bronchiolar epithelial cells are most commonly associated with 
tumour formation [Hall, 1989] and these cells may possibly show greater production o f 
free-radical production than any of the other lung cell types.
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5.2.3 Radical-Activation of Inflammatory Tissue Response
Cited evidence from in vivo experimental studies in the EPAQS report has illustrated 
that the smallest (<ljim) particles will cause higher inflammation cellular response in 
the lung (periphery) than larger particle deposition (pg 45); and that diesel exhaust 
particles, in a dose related response, promote the release of several pro-inflammatory 
cytokines from cell cultures o f the respiratory airway; and mucosal allergy and local 
immune mediated inflammatory responses in lung tissue o f health human individuals
(S.76).
It has been assumed that following deposition, particles are rapidly phagocytosed. 
However, clinical evidence has suggested that clearance impairment o f particles by 
macrophages begin when the particles occupy 6% o f macrophage volume and is 
completely inhibited when 60% of macrophage volume is occupied (S.73, EPAQS). 
Macrophages clearance, in the study, were hindered if  the cells become overloaded with 
the (larger number) of the smaller size range particulates. Some particles in this size 
range may undergo deposition and clearance across the surface o f the bronchial airways. 
Although this clearance will be two or three times slower than the alveolar region of the 
lung [APEG, 1999]. Macrophage clearance predominates in dealing with insoluble 
particles e.g. lipid soluble compounds. However, the chemical reactivity o f the particle 
may interfere with the process causing an alteration in the activation o f the macrophage 
leading to the release of chemical mediators and to inflammation in the epithelium of 
the alveoli.
It is thought that free radical reactions initiated from mass loadings in tissue may be
intrinsic to the activation of alveolar macrophages, neutrophils, and other cells in the
immune system; and the development o f inflammation response. An induced
inflammatory response can further lead to the release o f ROS from immunological cell
types which can contribute to the disease processes. However, it is questionable on
whether normal cellular defence (at the site o f radical generation) would be sufficient to
limit free-radical damage in lung tissue where macrophage suppression occurs.
Protective factors are generally in much lower concentration in extracelluar regions o f
tissues, and therefore regions o f the cellular membranes are more likely to be
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susceptible to radical damage from free radical activity. It has been reported that ROS 
generated from neutrophils and which accumulate in damaged tissue play a key role in 
producing lung tissue lesions [Wei, 1996].
5.2.4 Toxicity from Metals/Metal-Containing Particles
Whether acting directly or indirectly on membranes, it is well established that heavy 
metals can alter general membrane properties in such a way that many special functions 
become impaired [Foulkes, EC. 1998]. The widespread effects o f metals reflect, in part 
at least, their high and nonspecific affinity for proteins, including membrane proteins. 
Although, they do react directly with membranes, their toxic action, generally, is not 
specific. Although the author has been selective in citing evidence from lung tissue 
toxicology studies, or related studies, the full toxicological significance o f metal bound 
reactions at membrane receptor sites and in free radical activity have been illustrated 
extensively and strongly supported in a number of studies. No particular toxicological 
significance can be attached, unless, it can be shown that the affinity o f a membrane 
protein for a toxin clearly exceeds that of other proteins. Although, some functional 
membrane lesions have resulted directly from the interaction between toxic agents and 
critical molecules at the membrane; this effect may also be an indirect consequence 
elsewhere on the membrane in cells or in other tissues.
Transmembrane proteins will mediate between all cellular processes, thus, it can be 
predicted that metal bound reactions at receptor sites o f these proteins can directly 
interfere, although, non-specifically with membrane function. Presence o f bound metals 
will affect the function by altering electrical charge distribution on the membrane and 
consequently, trans membrane potential. A linear correlation between membrane 
fluidity, which is a controlling variable in transmembrane transport and increased 
dosage (into tissues), has been reported [Foulkes et al.]. Interference o f charge 
distribution and transmembrane potential which determine many cellular reactions will 
be altered following removal or neutralisation o f fixed anionic charge by cationic heavy 
metals. Presence o f bound metals will affect the function by altering electrical charge 
distribution on the membrane and consequently, transmembrane potential. Foulkes et al, 
has observed that the higher the concentration of the toxin, the higher the degree of 
structural disorder observed in the membrane. Increased membrane fluidity has been
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correlated with increased dosage; whereas fluidity is a controlling variable in 
transmemebrane transport.
A direct and specific toxic membrane effect results from specific regulated cellular 
functions. For example, there is the well known action of acetylcholine antagonists 
released from the nerve terminals, is inhibited by tubocurarine, which binds at high 
affinity to the acetylcholine receptor on the postsynaptic membrane. Indirect membrane 
effects o f toxicants cannot be excluded even if  a toxicant is shown to react directly with 
membrane constituents. For instance, metabolic inhibitors, which non-specifically and 
indirectly interfere in cellular processes, may involve the inactivation o f solute transport 
across the membrane, mostly by interrupting ATP synthesis and consequently, the 
supply of metabolic energy (in the gating o f certain solute channels).
Examples o f toxicants that may exert multiple actions on membrane functions, both 
direct and indirect, although multiple cellular effects not clearly defined. For example, 
the observation o f Cd depression in the uptake and excretion o f amino acids; although 
the downhill basolateral extrusion o f the amino acid (cycloleucine) is as sensitive to the 
inhibition by Cd as is its active basolateral uptake suggests an indirect action o f the 
metal at that membrane or. alternatively, the inhibition may be due to the direct action 
of Cd on a protein exchange carrier [Foulkes, 1991a].
Clinical studies have shown that the presence o f bound metals at receptor sites o f cells 
can directly affect ‘membrane trafficking’ functions in cells o f various tissue types; 
based on the altering o f electrical-charge distribution in the membrane through the 
removal and neutralization of (fixed anion) membrane charge by cationic heavy 
multivalent metal interference, resulting in disruption o f transmembrane potential (of 
carrier and ion-channel proteins). For example, effects of heavy metals on serotonin 
induced flow in mouse neuroblastoma cells are attribute to the direct action with the 
serotonin receptor ion channel complex [Foulkes 1998 p g  73]; and the activity o f the 
ectoenzyme 5’-nucleotidase is inhibited by the cadmium is a dose related fashion. 
[Morselt et al]. The toxicological significance of alterations in pump and channel 
activity, obviously derives from the fact that cell function closely depends on cell 
composition and thereby to a significant extent on membrane permeability.
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In fact, the higher the concentration o f the toxicant, the higher the degree o f structural 
disorder has been observed in the membrane; adverse effects can be observed in terms 
of increased membrane fluidity; and the action o f aesthetics on nerve conduction and 
the toxin action of Pb has been attributed to such mechanisms. [Foulkes 1991a].
Xenobiotics may also induce inhibitory effects, as metals act as receptor blockers o f G- 
proteins that control redox enzymes and other electron transferring enzymes responsible 
for many functions including, solute transport, signal transduction and even 
physiological process o f growth and development [Foulkes 1998]; or may induce 
indirect (alosteric) changes that trigger a casacade of cellular reactions, leading to 
changes in cytosol concentrations or the release o f secondary messengers e.g. AMP. 
Direct interaction between toxic agents and critical molecules can also result in 
membrane lesions; although indirect and non-specific interaction with proteins, 
elsewhere on the membrane, at receptor sites of other cells or tissues can also result in 
lesion development.
Metal mediated cytotoxicity effects can also be enhanced by the co-exposure o f various 
other metals or additional metal species which can also antagonize or enhance metal 
toxicity as a result o f the competition of metals for binding sites o f proteins or enzymes. 
For instance, Zn has been shown to antagonize the toxicity caused by the exposure of 
Cd [Waalkes, 1992] whilst, Mg can antagonizes Ni induced toxicity [Costa, 1995].Thus, 
cellular or tissue concentrations of these trace elements are critical in determining toxic 
effects o f metals.
Although there is good argument by the EPAQS Panel in the need to develop relatively 
intact experimental human models and clinical studies, the analysis o f certain indirect 
toxicological processes and actions are not always most amenably studied through such 
studies. In other words, in vito (tissue studies) experiments on cytotoxicity, in the study 
o f indirect effects, may have the advantage over in vivo studies. For example, if  the 
toxicant is administrated to the animal, any tissue lesion observed may have resulted, 
indirectly from primary lesions elsewhere in the body. However, the effects observed in 
purified lesions exposed to toxicants in vitro must represent actions exerted directly on 
the membrane, eventhough the toxicological significance o f such findings for the in 
vivo still remain in doubt. The observation on the time delay required before Cd
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exposure that leads to membrane malfunction, are also compatible with the indirect 
actions o f the metal ; which may also be best studied through invitro experimentation. 
For instance, time-dependent Cd toxicity of human T-cells ; and the consequence of 
delay in direct action between a toxicant and membrane can occur, if  it results from the 
slow developing effect of oxidative stress; owing to the free radical mediated activity 
that the heavy metal which can induce peroxidase changes in membrane lipids.
A range of transition metals (Fe, 0.34 -  0.95pg/m3 ’ coarse fraction) and trace levels o f 
these metals (i.e. Zn, Cd, Cr, Cu, Mn, Ni, V and Co, fine fraction) have been recorded at 
urban sites across the UK (S 16, EPAQS); although, abrupt changes in day-to day 
compositions have been seen. [S. 20, EPAQS, 2001]. Simulated peak inhalation 
exposure o f ambient concentrations (via CAP inhalation) have shown that there is a 
strong and significant association between Mn, Fe, Cu and Zn in the lung and Al, Si, Ti 
and Fe in the heart [Gurgueira et al, 2002]. Known source particles such as oil fly ash, 
diesel exhaust are also effective pro-oxidants in vitro and in vivo [Baeza-Squiban et al, 
1999, Kadiska et al, 1997; Nel et al, 2001; Stringer andKobzik, 1998]. Residual Oil Fly 
Ash (ROFA) exposure has been shown to cause pulmonary injury and inflammation 
[Kodavanti et al, 2001, Madden et al, 1999; Nadadur et al, 2000]. ROFA, rich in 
transition metals V, Fe and Ni [Killingsworth et al, 1997] is typical o f the oil 
combustion particles which contribute to PM in urban air.
Chromium is a known animal and human carcinogen; due to its potential to form ions 
with valencies from II to VI, participating in a multitude o f cellular redox reactions and 
due to its bioavailability (through normal cellular anion transport systems). Exposure to 
nickel is associated with nasal cavity, lung, kidney, stomach and pharyngeal cancers; 
and pathological effects of nickel exposure include dermatitis and asthma-like attacks 
[Waalkes, 1992]. In spite of this evidence, the Interdepartmental Committee for the 
Redevelopment of Contaminated Land (ICRCL) have published health trigger 
concentrations for nickel (ICRCL, 1987) based on a category Group B substance, that 
is, “contaminants which are phytotoxic but not normally hazardous to health”.
In-vitro studies o f human tissue have shown that exposure o f inflammatory cells (i.e. 
neutrophils) to Cd will result in increased mRNA levels o f the inflammatory gene
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interlukin-8 (IL-8) and increased oxidant stress conditions in tissue [.Horiguchi, 1993]; 
suggesting that Cd-induced oxidant stress and free radical activity in tissue may be 
involved in the up-regulation o f inflammatory genes that contribute to Cd-induced lung 
damage. Gene expression studies in human lung have also revealed upregulation o f the 
inflammatory gene cathepsin L, and marker gene o f macrophage activation, after 
exposure to Cd [.Frankel, 1991]. These studies also indicate the strong possibility that 
epithelial cells o f the human lung are capable o f inducing a oxidant stress response on 
exposure to other heavy metals and the possibility that other cells o f the lung, aside 
from squamous cells o f the alveoli, may even show more sensitive to Cd toxicity. In 
fact, Cd exposure has also been casually linked to the development o f chronic 
respiratory disease, including chronic bronchitis, progressive massive fibrosis and 
alveolar damage [Waalkes, 1992].
Signaling pathways that are induced by Cd, upstream of alterations on gene expression, 
are unclear; although, direct interaction o f the metal compound with DNA is known to 
cause a number o f genetic alterations such as single strand breakage, cross linkages, and 
frame-shift mutations; and triggered increases in DNA repair enzymes. For example, 
studies have shown that Cd exposure has induced increases in the DNA repair enzyme, 
methyltransferase in the protection o f DNA strands from genotoxic agents 
[Timblin, 1998].
Alterations in the expression o f a variety o f genes, linked to stress proteins, antioxidant 
proteins and proto-oncogenes on exposure to free radicals and other metal compounds 
has been illustrated in various clinical studies. For instance, specific metal regulatory 
transcription factors (MTF) have been shown to bind to metal responsive promoter 
elements (MRE), which interfere with the up-regulation o f the metallothionein gene.
It can be assumed that metal interferences at these promoter sites will influence the gene 
transcription process, essential in determining the sequencing o f the amino acid 
sequence and globular structure of the antioxidant protein, metallothionein [Dalton, 
1994]. It is believed that the molecular structure of the active sites o f this antitoxicant 
protein, with a high affinity for Cd binding, can preventing Cd from interacting with 
macromolecules that may trigger genotoxic and carcinogenic effects [Waalkes, 1992]. A
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number o f other genes induced by Cd appear to reflect proteotoxicity. For example, the 
preferential induction o f heat shock genes (HSP), which are believed to be involved in 
the delivery process of damaged protein to specific cellular sites, under conditions 
where general protein synthesis has been shut down [Timblinl998 ].
Animal studies have shown that exposure of rats to Cd aerosols have been shown to 
cause increases in mRNA coding for metallothionein and protein levels of 
metallothionein type II epithelial cells [Hart, 1995]; In addition, testicular cells that 
were target cells o f Cd induced tumors in rodents, had shown a relative lack o f 
metallothionein suggesting that there may be a direct correlation between the lack o f the 
protein and the carcinogenic process in tissue. Thus, the increased expression o f the 
antioxidant protein in cells or organs, induced through Cd particulate exposure is 
essential in provide a cellular defense system against Cd toxicity. In addition, Cd 
exposed rat lungs, increased expression and molecular changes o f procollagen alpha, 
correlate with the filling of the alveolar spaces with fibroblasts and collagen; indicative 
of progressive pulmonary fibrosis [Frankel, 1991].
Animal studies have also shown that Cd exposure o f rat lung epithelial cells will induce 
mRNA coding for hemeoxtgenase (after 1, 2 ,4 and 16h of exposure) [Keyse, 1990]. 
Increased mRNA levels o f this enzyme is indicative o f an oxidant stress response. 
Results from in-vitro studies have indicated that free radicals are involved in the Cd 
induced mediated induction of stress proteins; as the novel stress proteins, MSP23 was 
isolated from mouse macrophages (23-kD) following exposure o f the cells to Cd [Ishoo, 
1993].Other related studies have shown that Cd exposure induces an inflammatory 
response, followed by progressive alveolar fibrosis in rats [.Frankel 1991]. Gene 
expression studies in human lung have revealed upregulation o f the inflammatory genes 
and macrophage activation marker genes after exposure to Cd [Frankel 1991]. These 
studies also indicate the strong possibility that epithelial cells o f the human lung are 
capable o f inducing an oxidant stress response on exposure to other heavy metals and 
the possibility that other cells of the lung, aside from squamous cells o f the alveoli, may 
even show more sensitivity to Cd toxicity. Cd exposure has also been casually linked to 
the development o f chronic respiratory disease, chronic bronchitis, progressive massive 
fibrosis and alveolar damage [Waalkes, 1992].
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5.2 Presented Evidence/Argument by Expert Panel on Air Quality (EPAQS)
Latest evidence presented by the EPAQS Panel on the topic o f potential human health 
(non-occupational) exposure from the fine fraction (<2.5pm) o f the regulatory PMio, 
Air Quality Standard is documented in the Airborne Particulate Report, 2001: As stated 
in section, 127 of the EPAQS report, the identified knowledge gaps on the topic have 
been the influencing factor by the Panel in not recommending the use o f a revised 
regulatory metric based on PM2.5 fraction. Cited reference to relevant sections (1-137’or 
cited page numbers) o f this report [EPAQS, 2001] have been summarised below:
Particle Size and Size Distribution
There is inconclusive experimental evidence on the links of particulate toxicity to the 
ultra fine fraction (i.e. <1.0 pm) o f the PMio (pg 89) [EPAQS, 2001]. Nucleated mode 
particles are emitted into the atmosphere as primary particles by combustion sources 
(S.6 ) [EPAQS, 2001]. and although the greatest in number, contain a negligible fraction 
o f aerosol volume and mass (S.8 ) [EPAQS, 2001]; however, studies had led to the 
suggestion that the best indicator o f toxicity may be the total surface area o f particles 
inhaled (S.9) [EPAQS, 2001]..
Chemical Composition
A  range of transition metals and trace levels o f these metals (i.e. Zn, Cd, Cr, Cu, Mn, Ni, 
V and Co, in the fine fraction have been recorded at urban sites across the UK (S. 16); 
and abrupt changes in day-to day compositions will be seen (S.20); and noting that, the 
TEOM, used to determine fixed site concentrations will underestimates the mass of 
PMio (by 2 0  -40%) and of PM2.5, the latter to a significant greater extent, mainly due to 
a loss o f semi-volatile and volatile matter (pg 17); possibly explaining why a number o f 
studies have shown that, in general, individual exposures to PM10 are higher than those 
recorded at central monitoring stations (pg 31).
Patterns o f Dispersion
Roadside particle climate is limited to within a few tens of meters o f the most heavily 
trafficked roads (s.8); and it has become apparent that PM10 measurements at roadsides 
will include an amount of re-suspended coarse fraction o f probable low toxicity (S.3)..
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Personal Exposure
The following statements and supporting evidence has been cited by the Panel: harmful 
effects will occur in those most highly exposed, thus, individual exposure estimates 
improve the ability to detect subtle effects and to target vulnerable groups (S.34). 
Personal sampling has indicated that the minimum detectable mass o f 10jig/m3 over 24 
hours (S.36, pg 33); and that average particle concentrations and elemental 
concentrations, from inside and outside of buildings are likely to be similar (S.42); with 
reduced concentrations indoors, with differences being greater for larger particles (due 
to deposition and resuspension) than for smaller particles, <2.5pm (S.43). Episodic 
increases in the fine fraction will occur with activities such as cooking, smoking etc. 
(S.50);
Particle Deposition.
The following statements and supporting evidence has been cited by the Panel: as 
deposition and breathing rates increase, coarser size particles deposits closer to the 
throat and nose, whereas enhanced deposition in the alveoli take place with smaller 
sized particles and at slower breathing rates (S.63); however, 30% reduction in airway 
cross-sectional area may result in, greater than, doubled deposition in the airways at the 
point o f division, and it is therefore, possible that particle deposition could reach 
threshold limits that are normally acceptable, particularly in individuals with 
compromised lungs (S.63).
Particle Toxicity
In relation to the debate of particle size toxicity, it is argued by the panel that in order 
for particles in ambient air to be harmful, they must be toxic and present at high dosage 
(s.67). However, it is argued by the panel (S.67) that the toxicity o f ambient particles 
would expectedly be quite low (due to the inert, mineral composition o f the particulate), 
and predominately short-term (unlike chronic, long-time occupational exposure effects), 
in spite o f cited epidemiological evidence in the report.
Lung Toxicity
Following deposition, particles are rapidly phagocytosed and evidence has shown that 
clearance impairment of particles by macrophages begin when the particles occupy 6%
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of macrophage volume and is completely inhibited when 60% of macrophage volume is 
occupied (S.73); although, this inhibition will occur at lower percentage if  the particles 
are at smaller size, suggesting that the effect is less due to volume than to surface area 
(S.73); tissue culture studies have also demonstrated that diesel exhaust particles will 
induce epithelial cells from the human airway to release several pro-inflammatory 
cytokines in a dose related manner (S.74) and that diesel exhaust particles, at high 
concentrations, have enhanced allergic response in guinea pigs, and mice (S.75) and 
mucosal allergy/local immune mediated inflammatory responses in health individuals
(S.76). Also, studies have shown that more free radical activity is generated by the 
ultrafine that coarser fractions of the same substances (S.77) and transition metals, 
adsorbed onto the surface of particles can generate reactive oxygen intermediate species 
from various airway cells (S.78);
Particle Exposure and the Cardiovascular System:
There is evidence that PMio correlates inversely with haemoglobin, red cell count, 
packed cell volume, platelet count, but not with coagulation factors (S.81); observed 
changes in heart rate variability, an index that may be a predictor o f acute cardiac 
episodes in elder people, have demonstrated that rises in PM2.5 have led to reductions in 
heart rate variability; and pilot studies have shown increased episodes o f arrhythmia 
from individuals with implanted cardiac defibrillators (S.82). Exposure studies have 
shown that the mean concentrations of PMio had ranged from 42pg/m3 in patients with 
severe COPD to 114 pg/m3 for residents o f Riverside, California (S.41) and increased 
plasma viscosity was seen in a large population group following an air pollution episode 
in Europe (S.81).
Contradictory links between both the effects o f the fine fractions, P M 2 .5  have been
recorded in cardiovascular mortality studies (S.96, S. 103); with PM2.5 showing the most
significant association with increased respiratory hospital admissions in Toronto,
Canada (S.99, S. 101) and percentage increases in emergency admissions per unit mass
increases in P M 2 .5  (S. 100). However, no significant link was made with any measure o f
particulates and in all-year analysis of respiratory admissions. Contradictory reports on
the associations between the fine fraction and infant mortality were reported in Mexico
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City (S. 94); whilst increased incidence of elder mortality is associated with the coarse 
fraction o f ambient particulates (S.95), with Black Smoke being an important toxic 
component in daily mortality (S. 106) in London (1992-4).
Epidemiological Evidence
Short-term effects o f ambient particles have been extensively investigated (S.91) using 
time-series studies in which estimates of daily or several days o f exposure have been 
made through statistical analysis o f data from ‘Panel’ and ‘Ecological’ time-series 
studies. Ecological Time Series Studies o f PM2.5 have shown that PM 2.5 are important 
components of PMio, hut positive correlations were not significantly associated with 
daily mortality (S.92, S.96); however, relative risks (S.93) associated with both fractions 
were similar (Six Cities Air Pollution Study, Harvard Group) but with higher risks 
estimates in cities (S.97). No study have directly addressed the explanation o f the 
observed long-term risk o f death associated with exposure to particulate air pollution
(5.83). It is possible to hypothesis that the pulmonary inflammation, could increase the 
risk o f chronic obstructive lung disease; and that inflammation o f one cause is likely to 
add to the effects of inflammation from another; and that urban particulates exposure 
will add to the risks derived from other sources (such as cigarette smoking (S.83). 
However, at present, the biochemical and cellular mediated mechanisms that may 
increase the risk factors associated with (heart) disease mortality is wholly speculative
(5.83).
A number o f panel studies, which obtain data on an individual level and outcomes such 
as symptoms or lung function, have measured both PMio and P M 2 .5 .  Whilst, in others, 
there is not a clear differentiation on whether the fine or coarse fraction are associated 
with symptoms of cough (S. 110, S .I l l ) ,  the evidence tends to show that lower 
respiratory symptoms in children are more consistent with the fine fractions and acidic 
aerosols (S.109, S.112, S.115). One study has been citied by the panel linking 
measurements o f P M 2 .5  to reduced heart rate in elderly residents o f a retirement home 
(S.115).
The identified knowledge gaps that were outlined in the EPAQS, Airborne Particulates 
Report, 2001 are summarised as follows:
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• there is inconclusive experimental evidence on the links o f particulate toxicity to 
the ultra fine fraction (i.e. <1.0pm) o f the PMio air quality standard (pg 89); 
there has been difficulty in differentiating the differences in toxicity effects, on 
the basis that the various metrics examined have often correlated strongly with 
each other (S. 127) which will limit the merits in the argument for the use o f the 
metric o f this size range, expressed as either mass or size range, for monitoring 
and control purposes;
• for monitoring purposes it would be desirable to identify the components o f the 
ambient aerosol most closely related to its toxicity and to use this as a metric 
rather than PMio (S.87); the contribution o f biological materials to PMio mass is 
neither currently well quantified (S. 14, pg 11), although it is believed that most 
o f this material is found in the larger fraction o f particles (>lpm ) collected as 
PMio (pg 45);
• only a relatively small number o f studies have measured personal exposure, and 
risk estimates can be biased towards the surveying o f non-smoking volunteers 
(S.56); most exposure studies have drawn conclusions from measurements made 
at fixed outdoor locations (S. 127) and as the fine fractions are more uniformly 
distributed over a given area than the coarse fraction, this may be leading to 
biased estimates of risk (pg 65); experimental evidence has used concentrations 
of particles far higher than are ever encountered in air (S.72); further studies on 
personal exposure are required to explore threshold limits through personal 
measurements o f P M 2 .5  and adverse health effects through the actual exposure 
o f the individual (pg 31);
• there is a general lack of epidemiological evidence concerning fine particulates, 
as measured by PM2 .5, because it is not routinely monitored (S.8 8 ); limited 
evidence is also restricted to time-series studies that have related short term 
fluctuations in mortality, hospital admissions and other measures o f morbidity 
(of acute effects) to temporal changes in the concentrations o f air pollutants (pg 
65). Relative measures o f pollutants per (similar) unit increase o f measurement 
and the relevant effects to variations in morbidity and mortality (S.90); and 
specific epidemiological and experimental studies o f the relationship o f particle
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size and composition to biological and health endpoints is further required (pg 
46);
• no studies have directly addressed the explanation o f the observed long-term risk 
o f death associated with exposure to particulate pollution (S.83); and whether 
health outcomes that have been investigated may have been influenced by 
contemporary exposures to particles, but also by exposure to particles and other 
pollutants, earlier in life (S. 127); evidence o f the observed chronic risk o f 
morbidity and mortality on exposure to particulate pollution from cross 
sectional studies and longitudinal comparison studies o f populations is also 
currently limited (S.l 17);
• the precise mechanism of lung toxicity has yet to be fully clarified (pg 59); 
further studies will be needed to provide direct evidence relating inflammation 
in the alveoli, to worsening o f the condition o f people with asthma (S.71);
• it is only hypothesised that pulmonary inflammation could increase the risk of 
chronic lung disease; and although it is possible that a single process such as 
oxidative stress may initiate different reactions in different individuals with 
differing susceptibilities, it has not been clinical explored (S.72);
5.2.1 Critique on Identified Knowledge Gaps (EPAQS Report)
The experimental evidence presented in the EPAQS report on lung toxicity is based on 
in vitro and in vivo studies and inflammation tissue response. Following the publication 
o f this report, new scientific evidence has emerged regarding the toxicity o f the finer 
fraction. Supporting evidence from published research (available through 
epidemiological/medical/clinical journal databases resources) by the author is detailed 
in the following section:
>  Insufficient evidence to link toxicity to the ultra fine  fraction (pg 89,EPAQS):
There is a general consensus within the research community that concludes that the
P M 2 .5  is strongly associated with ill health effects [Dockery et al, 1993; Pope et al,
1995, 2000; Brunekneef2000]. Nucleated sources of transition metals arise mainly from
high temperature processes such as fuel composition [EPAQS 2001, s. 13]; and the high
solubility/acidity o f these metals have been identified as important factors in toxicity
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[EPAQS 2001, s. 13]. Particles most likely to be inhaled into the lung are usually below 
10pm [EPAQS 2001, p g  3]; and the respirable fraction (of these metals) will be 
associated with the nucleated mode. It is difficult to predict toxicological effects on the 
basis that metals may react and interfere non-specifically with membrane function. 
Thus, it has been debatable on whether one can agree that the current evidence is based 
on hypotheses as to the exact physiochemical characteristic o f air particulates that are 
responsible for adverse health effects [Samet, 2000; Schleisinger, 2000]. Cited evidence 
for metal induced toxicity effects (in the PM2.5 range) and markers o f free radical toxic 
injury to lung tissue are further discussed in Section 4.2.2
>  Ultrafines contain a negligible fraction o f  aerosol volume and mass (S. 6; S. 8, 
EPAQS)
Evidence has been stated by the Panel that the ‘proportion of PMio mass comprising the 
finer PM2.5 particles is typically within the range o f 50 to 80%’ [S.29, EPAQS 2001] and 
whilst ‘traffic will generate increments in PMi0 concentration between 2  and 13pg/m3, 
half of which will be in the coarse mode’. Roadside studies in the UK have reported a 
significantly higher proportion of derived PM2.5 from vehicular roadside emission (in 
fact, > 60% of total PMio); and have estimated that ~ 85% of the mass o f (primary) ultra 
fine particulates is emitted from combustion sources within the ultrafine fraction 
(Dp<100 nm). It has also been reported that high PN concentration appears to be 
strongly correlated with vehicle traffic [Cass et al, 2000; Harrison et al, 2000].
>  Best indicator o f  toxicity may be the total surface area ofparticles inhaled (S.42, 
EPAQS).
In theory, one can argue that particle surface area (per unit mass) will increase with
decreasing particle size. Within the atmospheric aerosols, the smallest particle usually
dominates the total number o f particles; while the accumulated and coarse modes often
determine the total surface area and volume (i.e. mass). For example, a study in Atlanta
has shown that nanoparticulates (Dp=3-1Q nm) and nano- and ultrafine particles
(Dp=10-100 nm) contribute approximately 30-60%, respectively, to the total particle
concentration (Dp < 2pm). However, in terms o f particle mass, the accumulated mode
particles were dominant and nanoparticulates with Dp<10nm contribute insignificantly
[Woe et al, 2001]. However, recent clinical evidence, has shown individual exposure to
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the number o f particles is generally more critical to health than the particle mass; and 
that PN is strongly correlated with urban traffic. Macrophage inhibition will occur at 
lower percentage if  the particles are at smaller size, suggesting that the effect is less due 
to volume than to surface area [S. 73 EPAQS, 2001].
y  Roadsides measurements ‘will include an amount o f  re-suspended coarse 
fraction o f  probable low toxicity ’ (S.3, EPAQS)
Evidence from occupational exposure studies [EPAQS, 2001, s. 65] have illustrated that 
‘chemically inert fibres’ on the basis o f the shape o f particles is particularly critical (e.g. 
asbestos deposited in the alveoli has led to macrophage-induced inflammatory effects) 
(s. 65).Recent evidence has shown that surface iron coating will convert non-reactive 
Ti0 2  into fibrinogenic particles [Dai et al, 2002]. Resuspended coarse fraction will 
share some physiochemical properties with mineral dust (e.g. silica, asbestos) that are 
known to promote oxidant effects in tissue [Chung, 1997; Mossmann 2000]. Schwartz 
et al (1997), have argued that there it is inconclusive on whether there is a tendency for 
coarse particles to show less significant inflammation effects than finer particles [S. 116, 
EPAQS]; however, it is interesting that ‘particulate free air’ is known to decrease 
concentrations of oxidants in the lung and heart [Evelson and Gonzalez 2000]; and that 
decreases in PM will significantly reduce ROS production [Gurgueira, 2002]. Reports 
have also shown an association between of increased pulmonary neutrophil percentages 
with Si mineral content in CAP.
>  it is argued that ‘in order fo r  particles in ambient air to be harmful, they must be 
toxic and present at high dosage ’ (S.67, EPAQS).
It is also accepted that particulate toxicity is multifactoral with direct links between 
particulate size, shape, composition; dosage and duration of exposure. Notably, several 
studies have shown that toxicity is associated with the metal content, predominately 
associated with the finer fraction. Toxicological effects are not easily predicted on the 
basis that xenobiotics (including metals) may react and interfere non-specifically with 
membrane function. It has been seen that the higher the concentration o f the toxin, the 
higher the degree o f structural disorder observed in the membrane [Foulkes, 1998]. 
Metal mediated cytotoxicity effects alone are influenced by several co-factors such as 
type/chemical form of the metal, route o f exposure, mechanism of uptake, excretion and
antagonist/agonist effects from the co-exposure o f various other metals.
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In recent years, laboratory studies on toxicity from ‘actual’ ambient aerosols have 
substantially improved on the basis that sampler design can allow the collection, sorting 
and concentration of air particulates (CAP) without altering their physiochemical 
properties [Sioutas et al, 1995]. Observed up-regulation of antioxidants defences and 
the reversibility o f mediated oxidative stress and toxicity strongly suggest that the lung 
and heart can readily adapt to increases in the intracellular levels o f oxidants associated 
with ‘peak concentrations’ and short term exposure to PM i.o - 2.5- The effect o f short 
term exposure from ultra fines on antioxidant defense systems has been reported by 
Lissi et al, 1991.
Acute and short time exposure will predominately affect children and young adults (of 
developing lung tissue); promote diseased states (of those suffering from respiratory 
disease, allergies and cancers); and increase risk towards groups with high integrated 
personal exposure (e.g. smokers, medicated, occupational exposure). However, further 
experimentation is warranted to establish the effect on exposure on vulnerable members 
o f the exposed population. It can be assumed that infants will show a higher than the 
average risk to particulate exposure due to their smaller airways and more rapid 
metabolism. Children are also considered the most vulnerable to PM exposure on the 
basis that lung development continues through early adolescence (with approximately 
80% of alveoli in the adult lung arise post-natal). Exposure to toxicants during lung 
development has the potential to significantly affect the overall growth and function of 
the respiratory system {Pinkerton and Joad, 2000). The elderly and those suffering from 
respiratory disease (such as bronchitis, bronchial asthma, emphysema or lung cancer) 
will also be more prone to higher incidents o f risk (on exposure). Oxidative DNA stress 
is thought to play a major role in carcinogenesis (S. 7, EPAQS, 2001).
More recent studies on CNT (Carbon Nanotechnology) toxicity in the lungs have shown 
that is dose dependent and progressive. Clinical improvements in prescriptive drug 
delivery is based on the fundamental understanding o f transmembrane processes; and 
increased permeation of non-lipophillic xenobiotics across cell membranes may be 
increased by receptor activation, permeation may be increased by receptor activation. 
Section 5.2.4 discusses metal bound reactions at protein receptor sites that can directly 
interfere, although, non-specifically with membrane function. For example, 
antihistamines inhibit histamine-mediated release of inflammatory mediators by
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leukocytes [Cuss 1999] and receptor antagonist chemicals will prevent both 
ultrastructural changes and chemical uptake to occur [Dux, 1982].
Thus, there may be potential link between metal/toxin inhibition in drug delivery which 
may induce higher vulnerability of individuals on prescriptive medication to PM. On the 
other hand, prescriptive drugs which lower the lipid solubility may enhance the actual 
transfer o f nonliphillic xenobiotics (including pathogenic coated agents). As ageing will 
result in decreased fluidity of cell membranes, thus, there may be a possibility that the 
aged on prescriptive medication may be at higher exposure to PM than the non­
medicated aged? The author has not found any evidence o f whether such theories or 
exposure-response links have been clinically explored.
>  Fixed site concentrations under-estimate the mass o f  PMjo and PM 2.5, (EPAQS)
Underestimates in T E O M  measurements will explain why a number o f exposure studies 
have shown higher ‘individual exposure’ to P M 1 0 ,  than predicted exposure from 
ambient measurements recorded at central monitoring stations. Strategies in NAAQ 
monitoring should be redesigned to undertake multiple roadside location measurements, 
in addition to fixed central (AUN) locations. Roadside monitoring points in inner cities, 
along motor circulars (e.g. M 25) ,  busy intersections, and tunnels (etc.) should take into 
account temporal and spatial variation in traffic flow, street configuration, congested 
and control speed zones, and proximity to mobile sources (e.g. train service links). 
Unbumed hydrocarbons (UHC) increase with reduced engine speed due to lower 
combustion mixing oxidation. At present, there is also a need for further 
epidemiological evidence that can correlate roadside population exposure (from P M 2 .5 )  
with integrated individual exposure (e.g. smokers; indoor sources; and occupational 
exposure).
>  Road side particle climate is limited to a few  tens o f  meters o f  the most heavily 
trafficked roads (S. 8, EPAQS).
Variation in particle size distribution between roadside and background sites can occur 
as a result o f intermixing o f different size particle mode from roadside and background 
air [Shi et al 1999; Harrison, 2000]. In the Cardiff study, intermixing effects from 
background coastal sites resulted in high particulate loadings o f elements associated
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• "f* • 2 2+  2H- “I- •with sea salt particles (Na and Cl" with contribution o f SO 4 - ,  Ca , Mg and K ) in the 
coarse fraction.
>  Due to the inert, mineral composition o f  this fraction, exposure effects will be 
‘predominately short-term, unlike chronic, long-time occupational exposure 
effects’ (S.67, EPAQS).
Currently, scientific knowledge is assessing combined effects and effects to be expected 
if  co-factors behave additively (e.g. IgE mediated and TCF-p release in chronic 
asthmatics). If both clinical symptoms o f disease (e,g. airway hyperresponsiveness) 
have a linear dose response , then, there is the potential that additive or synergistic 
combined effects (e.g. airway inflammation associated with allergen and asthma co­
exposure) may emerge as chronic airways disease. Also, if  combined effects occur in 
the low dose range, then, complexity in diagnosis occurs as the effects are hidden (in 
variation o f the effects) due to exposure.
The assumption of dose-response relationship without a threshold dose is plausible for 
genotoxicty on the basis that mutation can occur through direct modification o f DNA or 
free radicals with direct or indirect effect. Short term PM exposure can lead to oxidative 
DNA damage, whilst long term, occupational exposures have shown direct links with 
genotoxicty and cancerous growth. Scientific evidence has shown that oxidative DNA 
plays a major role in carcinogenesis [S. 7, EPAQS, 2001].\ whilst, increased levels o f 8 - 
OHdG, a reliable marker o f oxidative DNA damage, have been detected in lung cancer 
tissue [EPAQS,2001, s. 10]; and long term (occupational) exposure o f asphalt workers 
exposed to fumes and aerosols (of bitumen and PAH), in a .dose-dependent manner, 
have contributed to increased DNA damage in WBC with the potential o f becoming 
sub-chronic [.Marczynski, 2006].
Perhaps revised standards could avoid under-estimating risks by incorporating 
integrated personal exposure factors into proposed health inhalation guideline values? 
Can health risks associated with the lower range from PM be quantified through 
extrapolation from medium to higher doses o f occupational personal exposure studies? 
Recent autopsy studies have identified the accumulation of heavy metals in tissues o f 
industrial exposed workers; and lung tissues had shown high levels o f As, Au, Cd, Co, 
Hg, La, Mn, Pb and Sb o f deceased workers o f heavy metal refineries.
126
>  The precise mechanism o f  lung toxicity has yet to be fu lly  clarified (pg 59, 
EPAQS);
All cells o f the lung appear to be susceptible to oxygen toxicity; however, sensitivity (to 
radical generation) will vary between the different cells types. There is strong evidence 
that show cellular oxidative stress and rapid increase in lung tissue ROS concentrations 
[Calderon, 2001, Shukla et al, 2000, Gurgueira, 2002] with toxicity effect o f metal 
fraction o f particles [Hall, 1989; Wallace, 1997].; from various airway cells [S. 78, 
EPAQ; Gurgueira SA, 2002] with links to DNA damage [Aoezi, 1998, Sarkar, 1995,
S. 10 EPAQS] and carcinogenic effects [Hall, 1989; Wei, 1996] in lung cancer patients.
Particulate loading will also induce macrophage inactivation; up-regulation of 
inflammatory genes [Frankel 1991] which can promote further free radical activity and 
disease response [Timblin; Kodavanti et al, 2001, Madden et al, 1999; Nadadur et al, 
2000]. Exposure during cell proliferation (of epithelial cells) may lead to tissue damage 
[Hansen K  et al.]; and the development and/or suppression o f antitoxicant enzymes 
[Lissi et al, 1991], particularly in the young during early postnatal period o f 
development [Gebremichael et al, 1995]. Lung toxicity is further discussed in section
4.2.2 o f tliis thesis.
Free radical reactions appear to be intrinsic to the activation o f immunological cell types 
and the development of inflammation response; leading to further cellular release o f 
reactive oxygen species which can contribute to disease processes. Assuming clearance 
impairment by macrophagic phagocytosis with cellular particle loading [EPAQS S. 73], 
then, clearance in the respiratory tract will be predominately dependent upon 
mucocilliary action. However, are ultrafines effectively removed via microcilli action? 
Inhibition o f subcellular membrane function by toxins is better documented in 
mitochondria than in other organelles; and specific inhibitors o f mircovillar membrane 
peptidase have been reported to depress mirocilli activity [Foulkes,1998] an important 
primary defense mechanism in the lung.
Most recent research has revealed that viral infection in a specific genetic background 
might lead to chronic dysfunction of host cell behaviour that overlaps with but remains
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independent o f allergen (asthmatic) responses. There are direct links between PM and 
Respiratory Strain Virus (RSV) infection effects. Effects o f PM on vims infections 
depend on sequence of exposure to invading microbes; with more significant effects 
seen with the exposure o f the macrophage to PM prior infection. Findings show that 
exposure of alveolar macrophage to urban PM will impair the cell’s ability to 
phagocytize RSV; and mount an inflammatory response to invading microbes [Hayes, 
2006].
>  Insufficient direct evidence relating and to worsening o f  the condition o f  people 
with asthma; and risk o f  chronic lung disease (S. 71, EPAQS):
A substantial review of evidence on the etiology and pathogenesis o f airway disease 
with regard to PM exposure has been presented in publication by Schwartz 1999. A 
review and feature article by Holtzman, 2003 has examined the gaps in asthma research; 
whilst an appraisal o f research priorities is documented in Hallsworth et al 2003. 
Several lines of evidence have demonstrated the role of allergy and asthma [Kay, 2001 
and Busse 2001]; which link asthma as a consequence of excessive allergen-driven 
response. More recent findings raise the possibility that asthma not only resembles a 
persistent antiviral response but might even be caused by it; and provides the link 
between infection in infancy with subsequent asthma in childhood. The balance o f 
cited evidence suggests that the etiology o f airway disease is multifactorial and 
multigenic, showing a significant overlap in the phenotype that is observed among 
different disease; with distinct biomarker responses from classic allergic mechanisms; 
and unique exposure in both rural and urban settings.
The diagnosis of asthma is based on the demonstration o f reversible airflow obstruction 
(FEVi:FVC< 0.65) which is associated with symptoms of chest tightness, wheezing, 
coughing, dyspea and enhanced spectum production[109] The development o f asthma has 
also been associated with mild wheezing airway hyperresponsiveness [Lombardi et 
al,1997; Redline et al 1989; Laitinen et al 1998]. Diagnosing environmental asthma is 
based on the demonstration o f variable degrees o f airway obstruction (via reduced 
levels/lower rates of increase of FEV1) that occur in direct response to aerosolised 
agents caused by airway narrowing. The cellular characterisation o f asthma is based on 
abnormal immune cell accumulation, activation and dysfunction o f specialised cells o f
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the airways. Findings show that recurrent episodes of inflammation may result in 
progressive and chronic airway obstruction. Also, evidence suggests that in genetically 
susceptible individuals, recurrent airway inflammation results in persistent airway 
hyperresponsiveness and the development of abnormal airway function'
Numerous organic dusts of plant or animal origin as well as some chemicals can cause 
Extrinsic Allergic Alveolitis (EAA). Several cited studies in this publication have 
shown that rural inhabitants appear to be at high risk of developing chronic airways 
disease (in particular, asthma or bronchitis) [Schwartz, 1999] and risk levels which were 
3-fold higher among those heavily exposed to agricultural dusts. Twenty-seven cited 
rQfQXQriQ,Qs[Schwartz, 1999\ have shown acute biological responses and airway disease 
from organic dusts, specifically, endotoxins in grain dust which have been linked to 
increase in serum levels o f neurtophils and interleukin (JL)-6)[Schwartz, 1999\ 
Cholinergic response associated with chemical irritants (e.g. organophosphate 
insecticides) has also been reported to induce bronchospasm and bradycardia 
symptoms [Schwartz, 1999]
Studies (with over twenty cited references)[109] has shown a biomarker response 
differentiation between mechanisms of asthma and IgE-mediated response allergic 
response. Several lines of Qvi&QncQ[Schwartz, 1999] indicate that specific antibodies 
have not been consistently associated with acute or chronic response to inhaled organic 
dust. Improved markers of inflammatory response from inhaled organic dust been 
identified in clinical studies: TNF-a (tumour necrosis factor) and/or II-1 (pro- 
inflammatory cytokines) have been shown to induce neutrophil chemotactic response 
(via IL8  and macrophage inflammation proteins (MIP-2) airway epithelia release).
There is also mounting evidence that link TCF-P release (secretion by inflammatory 
cells into BAL of the lung) and chronic asthma, leading to a fibrotic response that alters 
the structure and thickening (of collagen and/or subepithelia beneath basement 
membranes) of the lung. Evidence from a panel study in Holland [Boezen.1999] found 
that only the subgroup o f children with bronchial hyperreponsiveness (and high serum 
concentrations of IgE) appeared susceptible to air pollution; thus, linking allergic 
response to exposure. Thus, there is support to the argument that the symptoms and 
signs of asthma can occur in patients (with allergen response) in temporal proximity to
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exposure. There is also evidence that patients with environmental asthma, many 
continue to have asthma despite removal from exposure.
Thus, scientific evidence will suggest that outdoor air pollution has at least, a modest 
effect on asthmatic symptoms. A two year case-control study o f hospital admissions 
with asthma in children (aged 5-14 years) in relation to road traffic in north west 
London was undertake n in 1992 -94 [Wilkinson et al, 1999]. In this study, children 
showed no association between risk o f hospital admission with asthma (n=1380) and 
respiratory illness (n=2131) and proxies for traffic related pollution at the place o f 
residence. These results contrasted with the findings o f ten other studies11321 which were 
based on proximity to a major road or estimated traffic volumes. A study in 
Birmingham showed a positive correlation between traffic and hospital admission with 
asthma [Edwards et al, 1994]. Livingstone et al found no correlation11321. However, 
none o f these studies had shown any account o f vehicle type, speed, periods o f 
acceleration and deceleration11321; which will influence the emission levels on the basis 
that reduced vehicle speed (in congested traffic; speed control zones; changes in street 
configuration etc.) will increase PM emissions (associated with unbumed fuel/lube oil).
Viruses and bacteria, coated on the surface of colloidal and ultrfine particulate fraction 
of air particulates, can be transported and absorbed in the lung. Acute inflammation and 
post viral airway hyperactivity can be genetically segregated from the persistent asthma 
phenotype [Holtzman, 2003]. It is now recognized that at least experimentally, viral 
infection can lead to a chronic asthma phenotype [Walter, 2002]; and findings show that 
paramyxoviral infection can cause both acute and chronic emergence o f hypersecretory 
airway disease. Further proof of the processes will require the identification o f specific 
gene products responsible for altering host gene expression and the consequent 
phenotype and further identity of effector and memory cells for (acute versus chronic) 
asthma phenotype [Holtzman, 2003].. .
Former studies may have introduced selection bias and misclassification on exposure. 
For example, the spectrum of respiratory disease will vary amongst exposed groups; 
variance in the definition o f disease (e.g. asthma) from one study to the next; higher 
susceptibility o f young children to exposure; families with asthmatic children may 
•choose to live away from major roads or farming areas; and the influence o f potentially
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important co-founding factors (e.g. indoor sources/allergens/smoking) towards personal 
exposure. Notably, the susceptibility o f children to exposure cannot be based on studies 
o f adults and the knowledge base on critical windows o f exposure during lung 
maturation o f young children are relatively unexplored.
>  PM2.5 show the most significant association with increased respiratory hospital 
admissions (S.99, S. 101,); and symptoms in children are more consistent with 
the fine  fractions and acidic aerosols (S. 109, S. 112, S. 115, EPAQS).
As stated in the EPAQS report, it is possible that a single process (such as oxidative 
stress) may initiate different reactions in different individuals with differing 
susceptibilities, which has not been clinical explored. A number o f panel studies which 
obtain data on an individual level and outcomes such as symptoms or lung function 
have measured both PM 10 and PM2.5 . More recently, significant links have been made 
that measure particulates and all-year analysis o f respiratory admissions. Schwartz et al, 
2003 have shown that subjects with preexisting respiratory disease and on days of peak 
height in air particulate concentration are of particularly high risk o f being hospitalised 
with pneumonia;
A strong relationship has demonstrated a link between respiratory illness in young 
children and Exhaled Mainstream Smoke (ETS) exposure. Exposure to ETS is also 
associated with significant risks in the development o f asthma, airway hypertension, and 
other respiratory symptoms such as cough, wheeze and mucus production. Information 
relating to differences associated between the duration of exposure and timing (on basis 
o f a critical window of exposure for children’s health) is currently being researched; 
however, the long tern effects o f perinatal exposure into adulthood are unknown.
>  Limited evidence is restricted to time-series studies that have related short term 
fluctuations in mortality, hospital admissions and other measures o f  morbidity 
(o f acute effects) to temporal changes in the concentrations o f  air pollutants (pg 
65, EPAQS);
Meta analysis in which the results o f published city-specific risk estimates that are 
combined have found that daily mortality approximately increases by 1 % for every 1 0
' i  t
pg/m of daily mean [Dockery and Pope, 1999; Levy, 2000]. An alterative to meta­
analysis is a pooled multi-city analysis in which data from multiple cities are analysed 
simultaneously using a common approach. The National Mortality Morbidity Air
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Pollution Study (NMMAPS) o f 90 urban areas in the U.S. have found that each increase 
in 10 pg/m3 o f PM10 is associated with 0.2% in daily deaths [Dominici, 2003]. Recent 
studies have shown that elevated exposure to air pollution has resulted in premature 
births [Ritz, ,2000], reduced birth rate [Ritz, 1999] and high frequency o f birth defects 
[Ritz, 2002]. Children have also been found susceptible to air pollution, due to the 
higher exposure time [Gaudermann,. 2002], higher particulate depositional efficiency; 
and perhaps due to the development o f active immunity. However, two studies have 
indicated that acute air pollution related mortality is not restricted to the frailest 
members o f the population [Schwartz, 2000; and Seger, 1999]..
>  At present, the biochemical and cellular mediated mechanisms that may increase 
the riskfactors associated with (heart) disease mortality, is wholly speculative.
Recent evidence reports that elevated ambient particulate concentrations transiently 
elevate risk factor profiles o f individuals and increase the occurrence o f acute events. 
Although, reversal o f mediated oxidative stress and toxicity may be less pronounced 
with longer lasting effects on the heart tissue [Gurgueira, 2002]. It is proposed that the 
disruption of vulnerable atherosclerotic plaque in response to homodynamic stress and 
that haemostatic and vasoconstrictive force determine whether a resulting thrombus 
results in Myocardial Infarction , MI [Muller et al]. Recent evidence for impact o f air 
particulates on plaque vulnerability, prothrombic states and a vulnerability myocardium 
prone to arrhythmia supports the potential link between ambient pollutants and acute 
cardiovascular disease [Naghavi et al, 2003].
>  Contradictory links between both the effects o f  the fine  fractions, P M 2 .5  have 
been recorded in cardiovascular mortality studies (S.96, S. 103, EPAQS);
Recent studies, however, have shown that increments of 10 pg/m3 in daily PM 10 have 
been associated with an increase in emergency cardiovascular admissions in the elderly; 
with higher risk estimates between exposure and cause mortality [Bateson, 2004]. Since 
the publication o f the EPAQS report, a larger study (n=185 patients) has demonstrated 
clear links between P M 2 .5  concentrations and increased episodes o f arrhythmia [Dockery 
et al], Subjects with pre-existing cardiopulmonary disease have also been shown to be at 
increased risk from acute mortality [Goldberg et al 2000; Sunyer et al, 2000; Kwon et 
al, 2001].; and an immediate onset of myocardial infarction with elevated 
concentrations of ambient pollutants [Ippoliti et al, 2003; Peters, 1999; and Muller,
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1994]. Sudden cardiac death among subjects, including lower risk profile groups, has 
been associated with risk factors for ischemic heart disease [Spooner et al, 2001]. 
However, no association has been found between sudden cardiac arrest among 
individuals without any evidence of cardiac disease. In support to evidence documented 
in the EPAQS report, effects on heart rate seemed to accumulate in association with 
prolonged elevation of air particulate concentration [Pope, 1999; Peters, 1999]; 
whereas, some o f the studies on heart rate variability have reported immediate response 
[Gold 2000; Peters 1999] .Major disturbance in cardiac rhythm, such as ventricular 
fibrillation or tachyarrhythmia are also believed responsible for sudden cardiac arrest.
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6 CONCLUSION
6.1 A Critique of the Analytical Method of Detection
A selected spectrum of essential trace elements (Na, Mg, Al, S, Cl, K, Ca, Ti, V, Co, 
Mn, Cu, Br, Sb, Sn and I) ere analyzed in sampled hair using nuclear analytical 
methods. Elemental concentrations in hair o f healthy male adults had generally shown 
similar values in both exposure groups; and the range o f concentrations was within the 
Iyengar published range' for normal concentrations levels. In the study of PM, the 
elements Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Br, Mo, Pd, Pt and Pb were determined in 
PIXE analysis; whilst, S, Ti, V, Mn, Co, Cu, Br, Sb, Sn and I were detected using 
INAA. Further funding towards a longer irradiation scheme would have been required 
to detect Cd levels (in samples); which is of interest in this study on the basis o f the 
toxicity data available for this element.
Concentrations of Ti, V, Mn, Co, Cu, Br, Sb, and I were determined (above analytical 
detection levels) in human hair and PM; however, owing to the low concentrations o f 
these elements, the y-ray photo peaks were masked by the activities o f the more 
abundant radionuclides i.e. 24Na, 27Mg, 28A1,37S, 38C1, 49Ca. The absolute method was 
validated against the comparator and single-comparative methods; and had shown 
higher analytical accuracy and precision against certified values o f the irradiated RM .
In the detection o f trace elements in filters, INAA through short lived radionuclides had 
generally shown higher sensitivities than PIXE analysis. For the most part, the limits of 
detection of the INAA method were one magnitude lower than PIXE methods, with the 
exception o f S and Ti. The INAA limits o f detectability were estimated using y-peaks in 
the spectra from the irradiated blank capsules or/and filters. Interference from 
background photo peaks with the photo peaks o f the nuclides was not very significant 
and did not prevent detection o f low activity isotopes. However, spectral interference 
was avoided by using the strongest alternative energy lines o f 28Al, 37S and 56Mn. In this 
case, delayed counting was not effective in reducing Compton effects o f the major
134
elements; on the basis that the half life o f elements o f interest was shorter than those of 
the interfering elements.
6.2 A Review o f Mean PM jo Concentration against NAAQS
Mean PMio roadside measurements, in both exposure areas, had significantly exceeded 
the 24-hour mean national regulatory standards o f 50 pg/m3 (not to be exceeded on 
more than 35-day per year). Despite elevated PMio (mean) values o f 1568 pg/m3, at 
major roadside locations, the high loadings were predominantly due to high amounts of 
mineral enrichment and o f comparable concentrations to non-polluted soils. Generally, 
PMio trace levels (< 0.02 pg/m3) o f elements, Cd, Cr, Cu, Mg, Ni and V at Cardiff 
roadsides were comparable to levels observed in the National Multi-Element Survey, o f 
urban Glasgow roadsides. Fe comprised an small proportion (<1%) o f PMio mass and 
had shown lower values, in its upper range (0.004 -  0.23 pg/m3) to the annual mean 
concentrations in Glasgow and Central London (at 0.36 pg/m3 and 0.95 pg/m3 , 
respectively) [Harrison, 1996].
Geometric mean (SD) values of 2.4x103 pg/m3 (0.5 xlO3 pg/m3) along multiple roadside 
locations of the A4161 in Cardiff city, were also comparably to recorded PMio roadside 
concentrations o f 1.6 - 1.9xl03 m3 along the A3 8 , Birmingham (where more than half o f 
the measured particles were reported <30 nm)139]‘ Lower background concentrations 
were recorded upwind, along Marshfield Road (0.43-9.9 pg/m3) and Michaelston Super 
Ely (0.002-0.89 pg/m3), at background sites in Cardiff. However, mean PMio values of 
227 pg/m along such minor roadsides o f Cardiff were still significantly higher than 
annual mean PMio urban roadside recorded measurements in Belfast and Edinburgh 
(22.5 and 17pg/m3, respectively) [Harrison, 1996].
Trace concentrations o f V in particulates were recorded in the upper ranges o f non­
polluted soils. It is generally assumed that increased distance from the mobile pollutant 
emission and major roads will result in lower exposure. Indicator metals associated with 
catalytic exhaust emissions o f metals (of V2O5, and Br) and base metals oxides (such as 
AIO2 , Ti0 2 , and S1O2) were detected in air particulates from both exposure areas (and in 
the upper ranges o f published literature values o f non-polluted soils). However, 
calculated enrichment values had shown that the trace concentrations o f V were strongly
associated with clay enrichment from the flood plains and local mudflats o f the Severn.
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Whilst EF values for Br were significantly low, supporting the use o f Br as an indicator 
metal o f locally generated vehicular roadside emissions. Inter-group (mean) values 
between both exposure groups had shown a positive correlation between the fuel 
derivative metal, V, and most trace metals; showing statistical significance (Pearson 
Correlation, PO .O l) between Ti and Br in the inner city (Major, A, B) roads; and V and 
the metals Al (r = 0.62), Cu (r =0.70) and Co(r =0.76) at minor roadsides, and 
predominately upwind from the major roadsides. Platinum group metals (Pd, Pt, Ir) and 
Mo (687 pg/g to 4490 pg/g) were detected from minor roadsides locations (i.e. 0.75km 
for Major roads) only. Thus, down-gradient or intermixing effects from background 
sites may have resulted in the traces o f Pt group metals in low exposure areas and higher 
coarse mineral fraction loadings on filters at higher exposure areas. Short sampling 
times are important in determining peak pollutant effects, however, reduced sample 
mass may become a significantly limiting factor in achieving appropriate analytical 
detection limits.
6 .3 Cardiff Population Exposure of Respirable PM2 .5 Fraction
The study had several limitations, which should be considered when interpreting results. 
First, the exposed sample was relatively small, consisting of 50 o f the 125 participants 
from the study. Rather than a random sample o f participants being selected from the 
population, potential subjects were initially screened against selection criteria; and 
consequently, to limit the effect o f confounding factors (such as smoking, ETS or 
occupational exposure) which may over-estimate exposure to traffic-generated 
particulates. Selective bias has the disadvantage o f disguising summation effects o f 
integrated individual exposure that may lead to the excaberation o f less sever symptoms 
in more vulnerable members o f the population. The study was also conducted in 
Cardiff, and therefore it was expected that urban roadside concentrations would show 
higher percentage of coarse mineral fraction from coastal background sites. Closer 
proximity to major roadsides had still showed particle number concentration (>90%) 
more strongly correlated with vehicle traffic
A general positive correlation between metal concentrations in roadside particulates and 
human hair was seen in populations from both exposure areas. A higher range in values
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of Br, Ti, and S were detected in human hair from both exposure areas, in contrast to the 
published range concentrations in the literature. Br (in the PMio range) had shown a 
strong positive correlation o f statistical significance (p<0.01) between Ti (r=0.98) and 
Sb (r=0.95) trace levels in hair from residents at minor roadside locations; and between 
Al (p<0.01), and Co (p<0.05) at major roadsides. However, no exposure study to date, 
including this study have data on integrated personal exposure or indoor sources been 
considered.
It is questionable whether the minor roadside location, in the study, are actually lower 
health exposure areas; as proximity to congested roads and control speed zones areas in 
the residential suburbs may contribute to higher particulate emissions with inefficient 
diesel combustion at lower engine temperatures. Unbumed hydrocarbons (UHC) 
decrease with increased engine speed as greater turbulence will provide combustion as 
well as post-combustion mixing oxidation. Exhaust gases are also hotter with a retarded 
engine spark and more oxidation of UHC is then more likely in the exhaust system. This 
argument may provide an adequate explanation for the higher levels o f platinum group 
metals in particulates from minor roadside locations (i.e. residential roads and cul de 
sacs) in the study.
Particulate loading has been strongly influenced by the downwind dispersion o f crustal 
enriched Si, Ca, K particulates from inland directed coastal winds; which would have 
been further re-entrained and resuspended into the ambient air at urban roadsides by the 
turbulence o f local generated traffic flow. Particle mass concentrations measured at 
minor roadside locations (i.e. Marshfield Road and Michaelston Super Ely), upwind of 
the city, have most likely contributed to PMio roadside measurements in the inner city; 
and a negative correlation (i.e. Pearson Correlation) o f trace metal concentrations (i.e. 
Mg, Al, S, Ti, V, Co, Mn, Cu and Sb) between both exposure areas support this 
argument. Alternatively, there may be a high depositional flux o f metals between 
upwind and downwind urban exposure areas, influenced by sea breeze effects resulting 
in pollutant mixing and dispersion.
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6.4 Closing Statement
Epidemiology has been able to demonstrate ill health links with air pollution that have 
been undetected in exposure studies. Most notably, that epidemiological evidence for 
mortality effects o f ambient pollution are strongly associated with individuals o f pre­
existing respiratory and cardiovascular conditions. The limitation o f epidemiological 
studies is that these studies can not establish causality. Overall, clinical exposure studies 
have identified risk estimates that assess short term health effects o f entire populations 
as small. Subjects with pre-existing cardiopulmonary disease have been seen to be at 
increased risk o f acute mortality associated with air particulate pollutants. Studies have 
identified that acute exposure epsisodes to increased concentrations o f PM will promote 
oxidative stress and mild damage to the lungs and heart. However, observed up- 
regulation of antioxidats defences and the reversibility o f mediated oxidative stress 
strongly suggest that these organs can readily adapt to increases in the intracellular 
levels o f oxidants associated with ‘peak concentrations’ and short term exposure to 
ambient pollutants.
Thus, revising the existing PMio emission standards and inventories would reduce ill 
health symptoms to susceptible members of the public from acute and chronic P M 2 .5  
exposure. Changes to the current mass based emission standard to include size or 
number concentrations will result in significant sampling and measurement challenges. 
Complications may arise on the basis that PN may not be conserved during dilution and 
sampling processes, which in turn will increase particle size through coagulation and 
nucleation.
The level to which the government sets revised standards, would inherently, impose 
limits on allowable emissions from new or modified sources. New standards would also 
impose significant restructuring o f the countries planning control divisions as the 
country may need to be segregated into specific boundary areas such as non-attainment 
zones, control areas (of emission sources/population density and rate o f growth; 
/commercial development/traffic and commuting patterns levels); geographical 
boundary areas (based on weather/transport patterns/mountains and basin boundaries) 
and jurisdictional boundaries.
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The author has proposed the following ‘initial steps’ towards a governmental strategy 
based on revising the current NAAQS standards:
■ revise the current 24-hour and annual mean PMio standards with PM2.5 ; or 
replace the existing PMio standards with PM2.5 in designated ‘benchmark areas’ 
and regulate with PMio standards in areas that lie outside these areas. For 
example, a benchmark might be based on the risk o f residing within congestion 
zones in inner city areas.
■ publication of new guidance (by DETR) in addressing non-attainment permitting 
requirements for PM2.5 (by October 2008);
■ local authorities should report on areas that would meet (‘attainment’) and not 
meet the revised NAAQs standards (in ‘non-attainment’ areas) by October 2009; 
and designation of ‘attainment’ and ‘non-attainment areas’ to revised standards 
should be based on air quality data, 2008-2011;
■ compliance by 2 0 1 2 ; with revised limits in ‘non-attainment’ areas to be based on 
three-year average o f the 95th percentile 24-hour and annual mean average 
concentrations; or double regulation of the PM2.5 in addition to the PMio 
NAAQS until full compliance by ‘non-attainment areas’ in 2014;
■ local council’s should apply a 1 : 1  offset requirement in the construction or 
modification of a major PM2.5 source; such that non-attainment permitting 
sources are required to offset emissions from proposed sources; with emission 
reductions from another source;
■ Local Council ‘permit’ review should involve auditing o f operational facilities, 
modification/planning o f new infrastructural design (in particularly, downwind 
areas o f non-attainment areas) for compliance o f revised standards;
■ monitoring should involvb fixed central (AUN) and multiple roadside location 
sampling locations with monitoring points that take into account temporal and 
spatial variation in traffic flow, street configuration, congested zones, control 
speed zones, and neighbourhoods with train service links.
Revised standards would also promote steadier control o f current emerging 
nanotechnology markets and nanoparticulate emission levels; progress in governmental 
target levels for carbon fuel emission reductions and biofuel alternatives. New markets,
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in particular in the agro/alloy and car manufacturing industry are expanding into the 
manufacture o f microencapsulated chemicals and metals (e.g. Carbon Nanotube 
Technology) that may present increased inhalation health risks to susceptible 
populations (in particular, amongst the rural populations).
The USEPA is considering the development o f a pilot program that will assess risk 
from nanoparticulates, as regulatory decisions regarding nanoparticulates have not been 
finalised because these product types are regulated under bulk-material criteria. In the 
UK, the Royal Academy o f Engineering have issued recommendations to the Research 
Council, UK for the establishment of an interdisciplinary centre that investigates the 
toxicity, epidemiology, persistene and bioaccumulation o f nanoparticulate exposure. On 
the basis of public health concerns o f nanoparticulate emissions, civil ‘Office o f Science 
and Technology’ have announced increased funding for research programs that help to 
achieve greater public confidence in nanotechnologies.
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ABBEVIATIONS
AMA: A b s o l u t e  M e t h o d  o f  A n a l y s is
AMP A d e n in e  M o n o -P h o s p h a t e
APEG A ir b o r n e  Pa r t ic l e s  E x p e r t  G r o u p
AUN A u t o m a t ic  U r b a n  N e t w o r k  '
BAL B r o n c h o a l v e o l a r  L a v a g e
BK B o w e n s  K a l e , RM
CAP C o n c e n t r a t e d  A m b ie n t  Pa r t ic u l a t e s
CL C h e m il u m in e s c e n c e ’s
CNAA C y c l ic  N e u t r o n  A c t iv a t io n  A n a l y s is
CLEA- C o n t a m in a t e d  L a n d  E x p o s u r e  A s s e s s m e n t
CLR C o n t a m in a t e d  L a n d  R e p o r t s
CMA: C o m p a r a t o r  M e t h o d  o f  A n a l y s is
COPD C h r o n ic  O b s t r u c t iv e  P u l m o n a r y  D is e a s e
COMEAP C o m m it t e e  o n  t h e  M e d ic a l  E ff e c t s  o f  A ir  P o l l u t io n
CRM C e r t if ie d  R e f e r e n c e  M a t e r ia l
CSCF C u n n in g h a m  S lip C o r r e c t io n  F a c t o r
CSTEE C o m m it t e e  f o r  T o x ic it y , E c o t o x ic it y  a n d  t h e  E n v ir o n m e n t
DEP D ie se l  E x h a u s t  P a r t ic u l a t e
DEFRA D e p a r t m e n t  o f  E n v ir o n m e n t , F o o d  a n d  R u r a l  A f f a ir s
D p (A e r o d y n a m ic ) D ia m e t e r
E A D : A e r o d y n a m ic  D ia m e t e r , D A
EC E l e m e n t a l  C a r b o n
ECD E f f e c t iv e  C u t -o f f  D ia m e t e r
EF E n r ic h m e n t  F a c t o r s
E IA E n v ir o n m e n t a l  Im p a c t  A s s e s s m e n t
EPA E n v ir o n m e n t a l  P r o t e c t io n  A g e n c y
FEV F o r c e d  E x p ir a t o r y  V o l u m e  - -
FVC F o r c e d  V it a l  C a p a c it y
HEA H ig h  E x p o s u r e  A r e a s
HCV H e a l t h  C r it e r ia  V a l u e s
ICIS In  Co r e  Ir r a d ia t io n  S y s t e m
i g e Im m u n o g l o b u l in  E
INAA: In s t r u m e n t a l  N e u t r o n  A c t iv a t io n  A n a l y s is
ICRCL In t e r d e p a r t m e n t a l  C o m m it t e e  f o r  t h e  R e d e v e l o p m e n t  o f  C o n t a m in a t e d  L a n d
ID in h In d e x  D o se
L D H L a c t a t e  d e h y d r o g e n a s e
L E A Low E x p o s u r e  A r e a s
M IF M in in g  in t e r f e r e n c e  f a c t o r s
M D L M in im u m  D e t e c t io n  L e v e l
NAPH R e d u c e d  C o e n x y m e : N ic o t in a m id e  A d e n in e  D in u c l e o t id e  P h o s p h a t e
NAAQS N a t io n a l  A m b ie n t  A ir  Q u a l it y  S t a n d a r d s
NAQS N a t io n a l  A ir  Q u a l it y  S t a n d a r d s
OAQPS O ffic e  o f  A ir  Q u a l it y  P l a n n in g  S t a n d a r d s
OTL O r ie n t a l  T o b a c c o  L e a v e s , R M
P A H POLYAROMATIC HYDROCARBONS
P IX E P r o t o n  In d u c e d  X - r a y  E m is s io n .
PM IO P a r t ic u l a t e  M a s s  o f  10 jam.
P M 2 .5 P a r t ic u l a t e  M a s s  o f  2 .5  ^m .
PN P a r t ic u l a t e  N u m b e r
R R e y n o l d s  n u m b e r
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ROFA R e s id u a l  O il  F l y  A s h
ROS R e a c t iv e  O x y g e n  S pe c ie s
RM R e f e r e n c e  M a t e r ia l
ROS R e a c t iv e  O x y g e n  S p ec ies
SC S in g l e  Co m p a r a t o r
SEGH S o c ie t y  f o r  E n v ir o n m e n t a l  G e o c h e m is t r y  a n d  H e a l t h
SEM S c a n n in g  E l e c t r o n  M ic r o s c o p y
S G V  ' S o il  G u id e l in e  V a l u e s
SOF S o l u b l e  O r g a n ic  F r a c t io n
T D S I T o l e r a b l e  D a il y  In t a k e
T C F -b  O n c o g e n ic  (c a t e n in -b a s e d ) P r o t e in  C o m p l e x /R o l e  in  T r a n s c r ip t io n a l
R e g u l a t io n
TEOM T a p e r e d  E l e m e n t  O sc il l a t in g  M ic r o b a l a n c e
TSP T o t a l  S u s p e n d e d  P a r t ic u l a t e
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